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Abbreviations
a = relative size of skin compartment
ABS = absolute workload (60W)
Acclim = acclimation
ACSM = American college of sports medicine
ACTIV = daily activity score
A d = body surface area
A d /mass = body surface area to mass ratio
ASHRAE = American Society of Heating Refrigerating and Air 
Conditioning Engineers
BF = blood flow
cb = specific heat of body tissue
CEN = Centre Européen de Normalisation
CO = cool climate (21 °C, 50% r.h.)
Dbody = density of body tissue
diast = diastolic blood pressure
DRY = dry heat loss (radiative+convective+conductive)
ET = Effective Temperature
EVAP = evaporative heat loss
%fat = body fat percentage
FBF = forearm blood flow
FVC = forearm vascular conductance
GXT = graded exercise test
Hcap = heat capacity
HD = hot dry climate (45°C, 20% r.h.)
HR = heart rate
HST = heat stress test
Icl = clothing insulation
ISO = International Standardization Organization
LBM = lean body mass
MAP = mean arterial pressure
mass = body mass
MSBF = maximal skin blood flow
MSR = maximal sweat rate
n = number of datapoints (subjects)
Pa = ambient water vapour pressure
p = statistical significance level
r = correlation coefficient
r 2 = explained variance
rad = added radiation (above normal at Ta)
RC = regression coefficient
Re = clothing vapour resistance
Ref = reference temperature (setpoint/threshold)
REL = workload relative to individual VO2max
RESP = respiratory heat exchange
r.h. = relative humidity
SD = standard deviation
iii
SE = standard error
SF = sum of 7 skinfolds
shiver = shivering metabolic rate
sk = skin
SKBF = skin blood flow
STORE = body heat storage
sw = sweating
syst = systolic blood pressure
Ta = ambient temperature
Tbody = mean body temperature
Tco = body core temperature
Toes = oesophageal temperature
Tre = rectal temperature
Tsk = mean skin temperature
v = wind speed
V o2 = minute oxygen consumption
VO2 max = maximal oxygen uptake
VO2 max ff = maximal oxygen uptake per kg fat free body mass
%VO2max = work load as % of maximal oxygen uptake
WBGT = wet bulb globe temperature
WBT = W et Bulb Temperature
WH = warm humid climate (35°C, 80% r.h.)
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Chapter 1
INTRODUCTION
1.1 General introduction
The aim of this thesis is to contribute to the improvement of the quality of heat strain 
prediction in healthy humans. Heat strain prediction is possible using thermal indices 
or models. In this prediction several parameters are of importance: the type of index 
or model, the climate, the task which has to be performed, the clothing worn, and the 
characteristics of the person involved. These parameters will be described below. 
The characteristics of the individual have hardly been incorporated in heat stress 
modelling. The emphasis of this thesis will therefore be the role of individual charac­
teristics in heat stress response.
1.1.1 Thermal indices and models 
Empirical indices
Heat strain determination and prediction is a subject which importance was recog­
nized in industry early this century, when people began to pay more attention to work 
conditions. This interest, also coming from the indoor-climate control industry, led to 
first attempts to define heat stress by a single index value, like the W et Bulb Temper­
ature (WBT, Haldane, 1905) or the Effective Temperature (ET, Houghton and Ya- 
glou, 1923). Research on this subject was boosted when military interest in the 
subject increased. In the United States, with the involvement in World W ar II, recruits 
from all parts of the US were trained in the Southern States, with their warm, humid 
summers. The high incidence of heat exhaustion and heat stroke during military 
training pointed out the need for instruments or methods to determine the risks 
involved with exercise in such stressful climates. Adolph (1947), published a book 
reviewing a number of studies performed with military personnel during and after the 
war, dealing with risks of heat exposure and ways to reduce these risks. Schickele 
(1947) published data on the relation of the occurrence of heat stroke with climatic 
factors. Later these findings were incorporated in the design of a measuring device 
which was used to determine a heat stress index, the W et Bulb Globe Temperature 
(W BG T1, Yaglou and Minard; 1957). This device allowed management of training 
sessions and work duration in relation to the climatic stress. Individual variations in
1
Wet Bulb Globe Temperature: Climate index, which is based on measurement of natural wet 
bulb temperature, air temperature and globe temperature, indicating the level of heat stress in a single 
value. Climates with equal WBGT are supposed to induce equal stress on a subject.
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response were not accounted fo r by these indices. Only in the interpretation, different 
tables were e.g. used for acclimated and non-acclimated subjects
Analytical indices
The applicability of all these indices however, as their relation with heat strain was 
determined empirically and only based on climatic parameters, was limited to 
situations which were studied before. Especially changes in metabolic rate or in 
clothing, produced discrepancies between observed and predicted strain. This led to 
the development of analytical indices, dealing with actual heat and mass transfer 
between human skin and environment. Two examples of such indices, which really 
are based on the human heat balance equation2, are the Heat Stress Index (Belding 
and Hatch, 1955) and the Required Sweat Rate Index (ISO 7933, 1989). These 
improved strain prediction, and widened the range of applicability of indices. Some 
basic individual characteristics related to the anthropometry and acclimation were 
introduced in some of these models, but their impact was hardly validated.
Physiological models
Around 1970, when substantial data on thermoregulatory control functions became 
available in the literature, and with the increasing availability of computers, the 
development of physiological simulation models started. These models combined 
physics of internal and external heat flow with internal body temperature regulation. 
The most well known physiological models of human thermoregulation were initiated 
by research for space travel. Stolwijk (1971) published a 25 compartment thermoreg­
ulatory model, incorporating control functions for blood flow, sweating and metabo­
lism for use by NASA. He was followed by many other authors who published 
relatively simple (Gagge et al., 1971, 1986) to more complex (Wissler, 1964, 1982; 
Werner, 1989; W erner and Webb, 1993) physiological models. These models all 
allowed the introduction of anthropometric data, and some acclimation, but these 
parameters were hardly validated for work in the heat.
Clothing
Once the physiological part of these models was developed, researchers started to 
improve the description of the interface between man and environment in these 
models: the air layers at the skin, at and within the clothing, and the clothing itself. 
Basic data for this purpose were gathered in the 1940-1960 period already (for a 
historical review see Gagge, 1983). Originally, people worked with static data on
2The heat balance equation defines the balance of the rates of heat production and heat 
losses. Rates of metabolic heat production at thermal equilibrium equal the sum of the rates of external 
work, respiratory-, convective-, radiative- and evaporative heat gains or losses. If not, this implies that 
heat is stored in the body. Positive storage leads to body temperature increase, negative storage to a 
decrease.
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clothing and air layers. Next, correction factors for changes in clothing and air layer 
heat and vapour resistance due to movement, posture and wind were determined 
(Olesen et al., 1982; Nielsen et al., 1985; Havenith et al., 1990a,b; Danielsson, 1993) 
and incorporated into models (Lotens and Havenith, 1991). After extensive study of 
the different avenues of heat and mass transfer in clothing, Lotens (1993) combined 
a model of these processes with the thermoregulatory model by Gagge et al., (1986) 
and showed that this model improved heat strain prediction drastically in a number of 
conditions.
Individual subjects
The models which are presently available give acceptable predictions of the average 
group response to heat stress (Lotens, 1993). A source of error in the predictions 
emerges when reactions of individual subjects have to be predicted, however. The 
variability in thermoregulatory response of individuals is quite large, as will be 
illustrated later in this thesis, and differences of a factor two in tolerance time for heat 
exposure between individual subjects are not uncommon (Havenith, 1987). This also 
presents a problem when safety limits have to be defined. These are often defined 
using the 95th or 99th percentile of the population as reference and not the average, 
to avoid any risk of heat illness. When actual work places are evaluated, it is shown 
that according to e.g. ISO 7933 many workplaces in the mining industry, where few 
problems are observed, are well above the standard’s safety limits (Kampmann, 
1992). Mentioned limits are for the 95th percentile of the population, but workers at 
these locations are fitter than average and also acclimatized. Thus, the limit values 
used are far too conservative for this group of acclimatized subjects. The dilemma 
here is the struggle between safety for all on one hand and the difficulty to adjust 
limits to the individual on the other.
These findings illustrate that further improvement in heat stress and strain prediction 
may be achieved when mechanisms of individual responses and relations between 
individual characteristics and heat stress response are clarified and introduced in the 
models. This will be the goal of this thesis.
1.2 Background
1.2.1 Individual characteristics and heat stress
Extensive reviews of factors which may influence the response of an individual to 
heat exposure were published by Havenith (1985, 1987) and Kenney (1985). 
Discussed factors were: aerobic power, acclimation state, morphological differences, 
circulation and hydration state, race, gender, age, circadian rhythms, and use of 
drugs. The main conclusions for the effects of these factors will be discussed below.
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A more detailed discussion is presented in the chapters which deal with the experi­
mental data.
Morphology and fat
Differences in body size and body composition between subjects affect 
thermoregulation through their effect on the physical process of heat exchange 
(insulation, surface/mass ratio) and through differences in the body weight subjects 
have to carry. Body surface area determines the heat exchange area for both dry 
and evaporative heat and thereby affects reactions to heat stress (McArdle et al., 
1984). In comparisons between animal species, a high surface to mass ratio is in 
general considered beneficial for the capacity to tolerate heat stress (Bergman, 
1847, Allen 1906, Austin and Lansing 1986).
Body mass determines metabolic load when a subject is involved in a weight­
bearing task like walking. This implies that mass correlates positively with heat 
production. Body mass also determines body heat storage capacity. This is relevant 
with passive heat exposures, or when heat loss is limited and body temperature 
increase is determined by storage capacity.
The effect of body fat content is somewhat confounded with that of body mass: 
Body fat presents a passive body mass, which affects metabolic load during weight 
-bearing tasks.
In the cold, subcutaneous fat determines the physical insulation of the body (conduc­
tivity of muscle=0.39, fat=0.20 W m -1 °C-1). However, as the fat layer is well perfused 
by blood flowing to the skin in warm conditions, it is not expected to hamper heat 
loss during heat exposure (Burse, 1979). The blood flow provides a convective 
shortcut fo r heat transport from core to skin. When blood flow increases from resting 
to "hot” levels, the heat flow passing through the fat layer by conduction is reduced 
from over 80% to less then 5% of total heat flow due to the increase in convective 
heat flow (Stolwijk, 1971). Further, as the specific heat of body fat is about half that 
of fat free body tissue, people with equal mass but higher fa t content will heat up 
faster at a certain storage rate (Bar-Or et al., 1969).
As the number of sweat glands remains constant with ageing, increasing body fat 
content, with the concomitant increase in body size, will result in a reduced sweat 
gland density (Bar-Or et al., 1969). With extreme obesity, cardiac function is re­
duced, which also leads to reduced heat tolerance (Bar-Or et al., 1969).
Aerobic power
W ithin the prescriptive zone3 (Leithead and Lind, 1964, Lind et al., 1970) body core 
temperature during work is related to oxygen uptake (metabolic rate), relative to the
3
The prescriptive zone was defined as the climate range in which a person can reach thermal 
equilibrium. Above this range, a steep rise in body temperature is observed. The location of the zone in 
the climatic spectrum is dependent on metabolic heat production and clothing insulation.
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individuals’ maximal aerobic power (%Vo2max; Saltin and Hermansen, 1966; Astrand, 
1969; Nielsen, 1969). On the warm side, outside the prescriptive zone, also a strong 
effect of aerobic power on heat stress response is expected. The V o2max of a subject 
is thus inversely related to the heat strain of a subject in the heat, mainly through its 
beneficial effect on circulatory performance. The higher the aerobic power, the higher 
the circulatory reserve (the capacity for additional increase in cardiac output) when 
performing a certain task. Further, aerobic power is often confounded with acclimati­
zation as training can result in an improvement of the acclimatization state. This is 
caused by the increase in body temperature which normally occurs with exercise. 
The result is a reduction of heat strain in warm climates (Henane et al., 1977; Avellini 
et al., 1982). This effect works both through circulation and through improved sweat 
response.
Acclimatization state
A subject's state of acclimatization appears to be of great influence on his reaction to 
heat stress (Fox, 1968; Senay et al., 1976). With increasing acclimatization state, the 
heat strain of the body will be strongly reduced, resulting in lower core temperature 
and heart rate during a given exercise in the heat. This is related to improved sweat 
characteristics (setpoint lower and gain higher, better distribution of sweating over 
the body and higher efficiency of sweating (higher evaporated/produced ratio (Fox et 
al., 1963; Collins et al., 1966; Nadel et al., 1974)) and improved circulatory stability 
(better fluid distribution, faster fluid recruitment from extracellular space, reduced 
blood pressure decrease) during exercise in the heat (Senay and Kok, 1977). The 
individual state of acclimatization can be changed by regular heat exposure, e.g. due 
to seasonal changes in the natural climate or by heat acclimation due to regular 
artificial (e.g. climatic chamber) heat exposure. Subjects living in the same climatic 
conditions can differ in acclimatization status, however, mainly due to the above 
mentioned difference in regular training activity. The combination of heat and 
exercise induces most optimal acclimatization (Fox et al., 1963). Not all subjects 
acclimatize equally well: some subjects do not show acclimatization effects at all 
when exposed to heat regularly (Wyndham et al., 1967, Strydom, 1980)
Circulation and hydration state
Havenith (1985, 1987), putting together results from several sources (Nielsen, 1973, 
1974a,b; Claremont et al., 1976; Nadel et al., 1980; Gaebelein and Senay, 1980; 
Fortney et al., 1981), concluded that changes in plasma volume and changes in 
plasma osmolality independently influence the change in core temperature during 
heat stress.
Lowering plasma volume due to hypohydration, is associated with changes in blood 
viscosity (increase), venous return and stroke volume (both lower) (Nadel, 1980). 
Cardiac efficiency (in terms of energy cost per volume output) during hypohydration
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will therefore be reduced, but it hardly changes in hyperhydration (Nadel, 1980). 
During work and/or heat exposure, the need for blood supply to muscles and skin is 
increased (for work and for heat loss respectively). Supplying this blood, the cardiac 
filling pressure decreases more drastically in hypohydration, which is compensated 
fo r by vasoconstriction of the blood vessels in the skin, reducing the skin blood flow. 
This decreases the heat conductance of the skin, which results (in that same 
environment, at equal sweat rates) in lower skin temperature and increased core 
temperature (Nadel, 1980).
Nielsen (1974b) suggests that the effect of plasma osmolality may be ion specific and 
acts either on the thermoregulatory centres in the brain, or directly on the function of 
the sweat gland.
By means of these mechanisms, hypohydration has a deteriorating effect on thermal 
control. Hyperhydration works the opposite (beneficial) way, be it to a lesser extent.
Gender
Investigating effects of subject’s gender on heat stress response, investigators 
(Hardy and DuBois 1940; Wyndham et al., 1965; Morimoto et al., 1967; Fox et al., 
1969; Cunningham et al., 1978) found that females had higher core temperatures, 
skin temperature, heart rates, blood pressure, and setpoints for sweating, in compari­
son to males. Thus on a population level, women may seem to be less tolerant to 
heat then men. However, on a population level females differ also in many physical 
characteristics from men, which may confound the gender issue in thermoregulation. 
A more precise evaluation of the gender effect was described by authors, who 
compared gender groups which were matched in as many other characteristics 
(Vo2max, %fat, size) as possible (Davies, 1979; Avellini and Kamon, 1980; Shapiro et 
al., 1980; Frye and Kamon, 1981). They observed that gender differences in 
thermoregulation are minimal, and that some of these differences are climate 
specific (females perform better in warm, humid; worse in hot dry climates).
Two specific female processes do effect thermoregulation: the menstrual cycle 
and menopause. The effect of the menstrual cycle at rest (a higher core temperature 
(Tco) in the post ovulatory phase) was almost absent during exercise and or heat 
exposure, however. Avellini and Kamon (1980), Frye et al., (1982), and Horvath and 
Drinkwater (1982), found that existing male-female differences during exercise heat 
stress disappeared with acclimation, or that they were completely absent from the 
beginning.
Also the effect of menopause on thermoregulation during heat exposure has been 
studied. Post menopausal hot flashes and night sweating provide anecdotal evi­
dence that thermoregulation is affected by oestrogen withdrawal. It has been 
suggested that during these episodes, setpoint body temperature is lowered, 
resulting in heat loss effector reactions (Kronenberg and Barnard, 1992). Kenney 
and Anderson (1988) observed at equal stress levels higher core temperatures in
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postmenopausal women compared to young females with equal aerobic power 
levels. Acute oestrogen replacement therapy reduces cardiovascular and thermoreg­
ulatory strain in postmenopausal women (Tankersley et al., 1992).
Age
Research on the effect of age on heat stress response has followed similar methods 
as research on gender differences. On a population basis, reduced heat tolerance of 
older subjects was observed (Hellon et al., 1956 Hellon and Lind, 1958; Lind et al., 
1970; W agner et al., 1972). However, the age groups differed in more parameters 
than just age. Older subjects were less fit, had more body fat, etc. When investiga­
tors started to correct fo r these differences, it was found that differences in heat 
strain between age groups disappeared (Kenney and Anderson, 1988, Kenney and 
Havenith, 1993) or that older subjects even showed better performance (Pandolf et 
al., 1988). Though heat strain may be similar, some differences in effector function 
remained present between age groups: older subjects had reduced skin perfusion 
and lower sweat capacities (Anderson and Kenney, 1987). Matching of age groups 
fo r all other personal characteristics was never perfect however, which prevents 
drawing a final conclusion on the age effect.
Circadian rhythm
Although not really an individual characteristic, circadian rhythm may be important to 
the topic. Confounding of time of day with subject’s individual thermoregulatory 
reaction in a test can influence the results since body temperature fluctuates with a 
circadian rhythm (Gierse, 1842; Davy, 1845). Aschoff and Heise (1972) showed that 
changing skin blood flow is the main effector mechanism in this circadian process. 
W hether this results in changing performance or tolerance during the circadian cycle 
is yet unclear.
Hypertension
Studies of the role of hypertension in heat tolerance showed reduced circulatory 
performance in hypertensives compared to normotensives (Kenney et al., 1984). 
Though no differences between groups were present in heart rate and core tempera­
ture response, reduced forearm blood flows were observed in hypertensives as well 
as reduced stroke volumes and cardiac output. This indicates a reduced heat 
transport capacity from body core to the skin and thus an increased risk of overheat­
ing. Sweat rate was higher in the hypertensives, however, which may have compen­
sated for the circulatory differences. It is difficult to estimate whether this compensa­
tion will also be effective in other climatic or work conditions. A certain increased risk 
seems present.
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Drugs
Use of drugs such as alcohol may predispose subjects to heat illness by changes in 
physiological effector mechanisms and by changes in behaviour. Reviews by Minard 
(1980) and Chick et al., (1988) list drugs which are potentially harmful in heat 
exposure. The relevant drugs have mainly effects on the body fluid balance, vaso­
constrictor/dilator activity and on cardiac function. These include: alcohol, diuretics, 
anti-cholinergic drugs, vasodilators, anti-histamines, muscle relaxants, atropine, 
tranquillizers and sedatives, P-blockers and amphetamines. Especially anti-hyperten­
sive drugs deserve attention because of their widespread use.
1.2.2 Climatic factors
The climate directly affects the capacity of a subject to exchange heat with the 
environment. A ir and radiative temperature affect dry (convective and radiative) heat 
loss and the ambient vapour pressure determines the heat loss capacity for that 
climate with respect to evaporative heat loss. Wind affects both dry and evaporative 
heat loss coefficients for nude subjects in a similar fashion (Havenith et al., 1990a,b).
Climatic parameters (temperature, humidity, wind) also show an interaction with 
individual characteristics, however. To describe these relations and interactions in 
heat exposures, two research paradigms are mostly used: exposure to warm, humid 
heat and to hot, dry heat. Many researchers have selected such climates in a way 
that both climates should be equally stressful (according to e.g. the W BGT index), 
but that the main avenues for heat loss in both climates are different. In a warm 
humid climate, evaporative heat loss is limited, and thus the body has to lose its 
surplus heat by convection and radiation. In the hot dry climate on the other hand, 
convective and radiative heat transport will be directed towards the body, and thus 
the subject will depend on his evaporative heat loss capacity to maintain thermal 
equilibrium. Dry heat loss capacity is directly related to the surface area of a subject, 
as well as to the subject’s capacity to increase skin temperature by increasing blood 
flow. Evaporative heat loss is dependent on heat loss surface area too, but also on 
sweating capacity (total quantity and distribution over the body) and thus through this 
on acclimatization state and fitness. Also, increasing skin temperature can result in 
increased evaporation, thus the skin blood flow capacity also plays a role.
1.2.3 Work
Two important relations between work and heat stress can be distinguished: 
mechanical work efficiency and work type in terms of weight-bearing versus non­
weight-bearing tasks. The task a subject has to perform determines both his 
metabolic rate and his metabolic heat production rate (= metabolic rate - external 
work rate). Metabolic rate and heat production rate are almost equal when the task
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performed has minimal or zero mechanical efficiency. This is the case e.g. in level 
walking. In other activities, like walking up a grade, mechanical efficiency increases 
due to delivered potential energy. Maximal values range around 21% (gross effi­
ciency; Hesser et al., 1977) i.e. for cycling. In the latter case metabolic heat produc­
tion thus amounts to 79% of metabolic rate. Another extreme is negative work (e.g. 
downhill walking), where the internal heat production rate is higher than metabolic 
rate, thus presenting a negative efficiency (Kamon, 1970). When comparing reac­
tions of subjects to different tasks, these differences in heat liberation in the body 
should be taken into consideration.
A second factor in the effect of a task on thermoregulatory performance is the 
difference between weight-bearing tasks and non-weight-bearing tasks, as this 
difference interacts with individual characteristics. In non-weight-bearing tasks, like 
(ergometer) cycling, metabolic rate is determined purely by external factors as wind 
and (ergometer) resistance. In weight-bearing tasks like in level walking or walking 
on a grade, metabolic rate, and thus also the amount of heat liberated in the body, is 
directly related to body mass. In the latter case, metabolic rate is fairly equal between 
subjects when expressed per kg of body weight (Pandolf et al., 1977). When people 
have to carry loads additional to their body weight, not only total mass (body + load) 
is important, but also the ratio between the carried and the total mass (Epstein et al., 
1987) and the way the load is carried (Holewijn, 1986, 1990).
1.2.4 Clothing
Clothing affects heat loss from the body to the environment. It forms a resistance to 
both dry heat exchange with the environment and to evaporative heat exchange. 
Though evaporative heat resistance differences between garments usually parallel 
the dry heat resistance differences, vapour resistance can also be very high at low 
heat resistances due to layers in the clothing with reduced vapour permeability (e.g. 
rain wear). Clothing can change the climate to which the skin is exposed. Microcli­
mate air (between skin and clothing) in warm environments will have a temperature 
and a vapour pressure intermediate of that at the skin and in ambient air. This 
microclimate, similar to the ambient climate can interact with the influences of 
inter-individual differences. E.g. in a suit which is impermeable to water vapour, a 
high sweat capacity (related to a high level of acclimatization), which usually is an 
advantage in the heat, now changes into a disadvantage. Most sweat will just drip off 
or be absorbed in the underclothing and hardly contribute to heat loss. A high sweat 
loss will result in faster dehydration. This may thereby put an acclimatized person at 
a disadvantage (Havenith, 1987).
The human body’s thermal sensors do not distinguish between a certain 
microclimate and a similar ambient climate. Therefore, when the microclimate 
characteristics are known, it is possible to study the importance of clothing for the
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individual's heat loss without actually incorporating clothing into the experiments by 
using the predicted microclimate specifications as ambient climate. These predic­
tions can be made using models in which clothing heat transfer characteristics are 
incorporated (Lotens, 1993).
1.3 Methodology
1.3.1 Experimental section 
Subject selection
Studies of inter-individual differences and their effect on thermoregulation have so 
fa r been aiming at the study of one parameter at the time, keeping all others equal. 
Ideally, groups are compared which were matched fo r all but the one parameter 
under study. Although methodologically sound, attempts to evaluate the role of 
individual characteristics in a matched groups research paradigm has not always 
yielded conclusive answers to questions of the effect of certain parameters for 
several reasons. In most studies in which various features of subject groups have 
been matched, authors did not succeed in matching all potentially important charac­
teristics. For example when studying age differences, matching older and younger 
subjects on the basis of V o2max per kg body mass, often differences in absolute 
V o 2max of 10-15% between groups remained present in the data (Anderson and 
Kenney, 1987; Kenney and Anderson, 1988). Also groups matched for V o2max, often 
differ in habitual exercise levels. This often makes interpretation of results less clear. 
Furthermore, these designs are unable to ascertain the re lative  importance of 
individual characteristics for heat stress response in relation to each other. Questions 
which need answering are of the type: "if a person is overweight, but also well 
trained, do these characteristics compensate for each other in determining heat 
stress response?" This type of questions is difficult to answer based on results from 
studies of a single characteristic.
For these reasons, in the present study a different method was used to gather data 
fo r the present study. Specifically, an attempt was made to determine the relative 
importance of individual characteristics. For this purpose, in different experimental 
settings with respect to climate and work type, a subject sample was recruited which 
was heterogeneous for relevant individual characteristics and in which individual 
characteristics were minimally inter-correlated. These subjects were then exposed to 
a combined work-climate stress and their reactions, in terms of physiological 
variables (core temperature, heart rate, sweat rate etc.), were subsequently analysed 
fo r the contribution of individual characteristics using the technique of multiple 
regression. From the factors mentioned in section 1.2 six were selected to be studied 
(Havenith, 1985): V o2max, physical activity level, anthropometry, adiposity, gender 
and age (as including age required a strong increase in subject numbers to maintain
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statistical power, this parameter was only added in one of the studies). Others were 
excluded as described later.
Apart from the relative importance of individual characteristics, also the interactions 
between these characteristics and the climate type and the work intensity were 
studied.
Excluding certain effects
Not all possible effects mentioned in section 1.2 are dealt with in this study. Several 
effects which are important but are not in essence individual characteristics, such as 
acclimatization, circadian rhythm, hydration state, hypertension and drug use, are 
excluded. This has been achieved by performing experiments after a cool period 
(winter, spring) only, to avoid acclimatization effects, within a certain time of day 
range only, by using hydrated subjects and assuring equal rehydration, by excluding 
subjects with a history of hypertension and finally by excluding all users of drugs 
(users of coffee, tobacco and alcohol were requested to minimize use the day before 
the experiment and to refrain from use the last 2 hours before the test).
Climate
As mentioned above, the impact of certain individual characteristics on heat stress 
response is expected to interact with climate type. Two climates were selected for 
the experiments, which on a group level should result in equal strain (equal WBGT), 
but which may interact differently with different individual characteristics. Thus, 
subjects were exposed to either a warm humid climate (35°C, 80% relative humidity 
(r.h.)) or a hot dry climate (45°C, 20% r.h.). In one series of experiments an addi­
tional exposure to a cool climate (21 °C, 50% r.h.) was added as an exercise without 
heat reference. Variations in wind or additional radiation were not added to the 
climate parameters, as this would increase the number of conditions drastically.
Work
Using a fixed, equal work load fo r all subjects allows the evaluation of the relative 
importance of all individual parameters at once. However, as mentioned in section 
1.2 .1, the general idea found in the literature is that heat stress response over a wide 
range of climatic conditions is mainly determined by work load expressed as a 
percentage of the individual’s maximal load (%Vo2max). Therefore, in many studies 
the subjects perform work relative to their individual maximum. Doing so, the effect of 
differences in aerobic power between subjects on the heat stress response will be 
minimized. This is useful when the issue is not comparing the effect of aerobic power 
with that of other parameters, but instead more subtle effects (not aerobic power) are 
the subject of study. Then, a correction for aerobic power differences is desired. For 
this reason, in the present study both fixed and relative work loads (%Vo2max) will be 
used.
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Another reason for using both fixed as well as relative work intensities is the 
relation with actual work situations. W ork might have a fixed pace due to the work 
organization, which compares best to the fixed load. Alternatively, the work may be 
individually organized, which may represent conditions of an equal load for all or of a 
load relative to the individual’s maximum, depending on work organization and 
personal motivation.
The exercise mode chosen for the experiments was bicycle ergometer work, as 
measurement of forearm blood flow in walking subjects is virtually impossible. Also, 
with this mode no weight correction for the setting of work load is necessary.
As actual work load, in the fixed condition a load of 60 W  was chosen. This choice 
was based on the need to let even the least fit subject finish a 1 hour work bout at 
this level. Also this work level relates to the level people are able to work on for an 8 
hour work shift (Vo2 approx. 1 l m i n "). The choice of relative load was made for 30 
min. at 25 % Vo2max, followed by 30 min. at 45% Vo2max. This work rate again aiming 
at allowing the least fit subject to finish the test.
Table 1 Matrix of measuring conditions, with respect to climate and work type. Performed
experiments are marked with a “★ ”.
climate type:
work type:
Bicycle Ergometry
absolute load relative load 
(60 Watt) (25 and 45%Vo2 max)
warm humid
(35°C, 80%r.h., WBGT=31.9) 
hot dry
(45°C, 20%r.h., WBGT=31.4) 
cool
(21 °C, 50%r.h., WBGT=16.7)
★ ★ 
★ ★ 
—  ★
climate x work
Combining the considerations with respect to the work type with those relating to the 
choice of climates as discussed in the previous section, the result is the matrix of 
main measuring conditions presented in Table 1. The cool condition was only 
performed for the relative work load condition. For the cool environment, data from 
literature show that V o2max is an extremely strong determinant of the individual’s body 
temperature increase (see par. 1.2.1). An experiment with a fixed work load in that 
climate was expected to need very large numbers of subjects to show effects of 
other individual parameters. It was therefore regarded more efficient to study the
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reaction to a cool environment with a work load standardized for the individual’s 
V o2max: a relative work load. This supposedly increased the test’s sensitivity (i.e. 
needing a lower number of subjects) to characteristics other than V o2max.
1.3.2 Statistics
Statistical analysis is an important issue in this study. As the problems are investi­
gated in an epidemiological way (many parameters vary at the same time), the 
approach of multiple regression was chosen. Strain indicators, as e.g. rectal temper­
ature, were taken as dependent variable in the analysis and individual characteristics 
as independent parameters. First the type of distribution of the data is investigated 
(normal or logarithmic, skewness and kurtosis), and the inter-correlation of "inde­
pendent" parameters tested. Next the regression analysis is performed stepwise in 
an interactive manner. This means that the correlation of all independent parameters 
with the dependent variable is determined, after which the “best” parameter is 
selected. This was done both on the basis of the highest Pearson correlation 
coefficients, as well as on the basis of physiological relevance of the parameter (as 
decided by the author). This last criterion was mainly applied when several independ­
ent parameters show partial correlations with the dependent variable which are very 
close together. Next this parameter is entered into the equation, the data set 
corrected for the effect of this parameter, and the residual variance in the dependent 
variable calculated. After this the cycle is started again with the partial correlations of 
the remaining independent parameters with the residual variance in the dependent 
variable. The cycle is repeated until no significant (partial) correlations are found. For 
this approach the statistical program SYSTAT (Wilkinson, 1990) was used, as this 
has the option of interactive multiple regression.
This basically leads to one regression equation. However, in some cases more than 
one combination of independent parameters is possible, with similar explanatory 
power. These alternatives were explored and, when of interest, will be presented.
Linearity of effects was studied using plots of responses or residuals versus parame­
ters. In some cases non-linear relations could be tested. When of interest, these will 
be reported.
The additivity of effects was studied for a limited number of parameters. These 
individual parameters were re-coded into discrete levels (e.g. low, middle and high 
V o 2max), after which their effect and interaction with other parameters was studied 
using analyses of variance. Due to the limited number of subjects (and thus degrees 
of freedom), only few combinations could be analysed which did not reveal relevant 
interactions. Therefore the analyses concentrated on main effects.
In the presentation of the results, both the regression coefficients and standard­
ized regression coefficients will be given. As the relative contribution of individual
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characteristics is of interest, these standardized coefficients are more informative. 
They correct the regression coefficients for the effects of the unit used (e.g. using 
grams instead of kg, leads to a difference in regression coefficient of a factor 1000, 
based on the same data, but will show an unchanged standardized regression 
coefficient) and for the range of the values of parameters (0.5°C change in Tco is 
much more stressful than the same change in skin temperature).
In chapter 5, differences between correlation coefficients were compared, using 
the relevant module in STATISTICA (1995).
The relative contributions of the parameters will be illustrated by pie-charts. As no 
reference for this approach is known to us yet, this will be explained in more detail 
here.
In these pie-charts the total amount of explained (adjusted r 2 value) and unexplained 
variance will be shown. The segment of explained variance will be divided over the 
contributing parameters. This division was not made according to the added variance 
per step (=added parameter) in the stepwise regression as is often seen in literature. 
This approach does not give information on the relative importance of the parame­
ters. Instead the standardized regression coefficients will be used to divide the 
explained variance according to the relative contributions of the parameters. For this 
the following equation was used:
contribution to r2 - I standardized regression coefficient for parameter\ ^
| ail standardized regression coefficients in equation]
The absolute values are taken, as the standardized regression coefficient can be 
both positive and negative.
Keeping in mind that a standardized regression coefficient of 1 implies that a change 
of one standard deviation (SD) in the independent parameter would result in a 
change of 1 SD in the dependent variable, the denominator of the equation pre­
sented above, represents the maximal change (in SD units) of the dependent 
variable when all independent parameters change by one SD. Due to the effect of 
the sign of the coefficient, this change in the dependent parameter has to be in the 
direction which gives for all independent parameters the same direction of change in 
the dependent variable. To give an example, let’s assume that heart rate (HR) is 
explained by age (standardized regression coefficient = +0.35) and by V o 2max (stand, 
regr. coeff. = -0.50). The explained variance in the pie chart would therefore be for 
age:
age segment =-----------  ^ +0.35 |----------  = q ^  f2
I +0.35 I + I -0 .50 I
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and for V o2 max:
^ m a x  segment
The value of the denominator here implies that if we go from a low age, high V o 2max 
person to a high age, low V o 2max person with a one SD change in both parameters 
(up fo r age, down for V o 2max), that the difference in heart rate would amount to 0.85 
SD. As the following chapters will show, this method works well in practice. It should 
not be used, however, when an inter-correlation between independent parameters is 
present. In the presented studies, this was monitored by looking at the tolerance 
levels of parameters in the equation.
1.3.3 Modelling
It is anticipated that the interpretation of many parameters at a time may be a difficult 
job. A structured way to show the results of the analysis in a quantitative way is to 
develop a computer model which includes the observed mechanisms. This will 
produce the experimentally observed reactions, if correct, and allows for exercises 
that improve insight. For this purpose an existing model of thermoregulation and heat 
exchanges (Gagge et a l., 1986; Lotens, 1993) was taken as a starting point. Using 
data from literature, this model (programmed in FORTRAN) was adapted to repre­
sent the individual characteristics. Next, the goodness of fit of the model was tested 
using the data collected for this thesis. Thus the new data sets were not used for 
model development, but only for its validation.
Several models could have been chosen as a starting point, with different levels of 
complexity and published validity. However, as the main aim of this thesis is to show 
that incorporation of individual characteristics in a model will improve predictive 
power, the choice of the model itself is not essential. The results of this study are 
relevant to all thermoregulatory models which do not yet incorporate individualization. 
Therefore, the choice for a readily available, physiologically simple model was made. 
That this model also incorporates extensive clothing physics increases its potential 
for future use.
1.4 Outline of this study
Combining the considerations on the work type with those relating to the choice of 
climates as discussed in the previous section, the result is the matrix of main 
measuring conditions presented in Table 1. In Table 2, the matrix also shows the 
chapters in which the experiments relating to those conditions are described.
-0 .50
+0.35 -0.50
0.59 o f r 2
16 Chapter 1
Chapter 2 describes an experiment in which male and female (n=56) subjects are 
exposed to a warm humid climate while performing work on a cycle ergometer at a 
fixed load of 60 watts. The resulting heat strain is discussed in terms of the influence 
of individual characteristics, with emphasis on the effects of V o2max, body size, 
adiposity and age. The ages of the subjects were equally distributed between 20 and 
73 years. Besides linear effects of age, non-linear effects are studied.
As the addition of age to the experimental design necessitates a very large subject 
group, this parameter was not studied in the other conditions. The warm humid 
climate was chosen for inclusion of age, as this was supposedly the most relevant 
climate in relation to age related heat stress problems.
In chapter 3, an identical test to the one in chapter 2 is discussed, which is per­
formed with young subjects of both genders only however (n=27). For this purpose 
the young group of chapter 2 was extended. Exclusion of the age factor is expected 
to give a more sensitive analyses of the other individual parameters involved.
Table 2 Matrix of measuring conditions, with respect to climate and work type and the
number of the chapter(s) in which they are discussed.
climate type:
work type:
Bicycle Ergometry
absolute load relative load 
(60 Watt) (25 and 45%Vo2 max)
warm humid (35°C, 80%r.h.) 
hot dry (45°C, 20%r.h.) 
cool (21 °C, 50%r.h.)
2, 3, 5 4, 5 
5 4, 5 
—  4, 5
In chapter 4 an experiment with a young, mixed gender, subject group (n=24) which 
was exposed to three climates: hot dry, warm humid, and cool is discussed. In this 
case subjects were asked to work at intensities relative to their maximal aerobic 
power. Data for all conditions were first lumped in one analysis providing information 
on the relevance of individual differences for exposure to a mix of climates. As the 
differences in climate might have an effect interacting with the inter-individual 
differences, the data were also analysed for the presence of this interaction.
Chapter 5, discusses a similar experiment to the one of chapter 3, with a different 
young, mixed gender, subject group (n=30) exposed to a hot dry climate.
This chapter also presents an integrated discussion of these data with those of 
chapters 3 and 4, and focuses on the interactions between individual characteristics,
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climate type and work intensity in the determination of heat strain. This chapter 
concludes the experimental section.
Chapter 6 presents the work on the integration of individual characteristics in a 
computer model of human temperature regulation and heat exchanges with the 
environment. Further, the effect of the additions to the model will be evaluated using 
the data sets of chapters 2 to 5 for validation purposes, comparing the new model 
with the original model’s performance and with the performance of the regression 
models of chapter 5.
Chapter 7 shows example simulations to demonstrate the effects of the introduction 
of individual factors in the model.
Finally, a summary of the thesis is presented, as well as suggestions for future 
research.
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Chapter 2
Age predicts cardiovascular, 
but not thermoregulatory, responses to humid 
heat stress
George Havenith ■ Yoshimitsu Inoue ■ Viktor Luttikholt ■ W. Larry Kenney
(European Journal of Applied Physiology, 70:88-96, 1995)
Summary Cross-section comparisons of the effect of age on physiological responses to 
heat stress have yielded conflicting results, in part because of the inability to separate 
chronological age from factors which change in concert with the biological aging process.
The present study was designed to examine the relative influence of age on cardiovascu­
lar and thermoregulatory responses to low intensity cycle exercise (60 W for 1 h) in a 
warm humid environment (35°C, 80% relative humidity). Specifically, the relative impor­
tance of age compared to other individual characteristics [maximal oxygen uptake 
(VO2max), physical activity level, anthropometry, and adiposity] was determined by multiple 
regression analysis in a heterogeneous sample of 56 subjects in which age (20-73 years) 
and VO2max (1.86-4.44 l-min'1) were not interrelated. Dependent variables (with ranges) 
included final values of thermoregulatory responses [rectal temperature (Tre, 37.8 - 
39.2°C), calculated heat storage (S, 3.4-8.1 Jg-1), sweat loss (238-847 gm-2)] and 
cardiovascular responses [heart rate (HR, 94-176 beats-min-1), forearm blood flow (FBF, 
5.3-31.3 ml-100ml-1-min-1), mean arterial blood pressure (MAP, 68-122 mmHg), and 
forearm vascular conductance (FVC = FBFMAP-1, 0.06-0.44 ml•100m^ 1■min'1■mmHg'1).
Age had no significant influence on Tre, S, or sweat loss, all of which were closely related 
to VO2max. On the other hand, HR, MAP, FBF, and FVC were related to both age and 
VO2max. Anthropometric variables and adiposity had secondary, but statistically significant, 
effects on MAP FBF, FVC, and sweat loss. With respect to exercise in a warm humid 
environment, it was concluded that the effect of age on body temperature and sweating 
was negligible compared to effects related to VO2max, but that chronological age had an 
independent effect on cardiovascular effector responses.
Key words Temperature regulation - sweating - skin blood flow - exercise - aging
24 Chapter 2
2.1 Introduction
Age is often used as a screening criterion for determining the capability of individuals 
to perform certain tasks in hot environments. Likewise, epidemiological research has 
shown a higher incidence of heat illness and heat related casualties in the elderly 
during climatic heat waves (Henschel et al., 1968). Such observations have stimu­
lated laboratory research into the relationship between age and physiological 
responses to heat stress. Whereas older research has usually reported a strong 
adverse effect of age on heat tolerance (Hellon and Lind 1958; Hellon et al., 1956; 
Lind et al., 1970; Wagner et al., 1972), research over the last two decades has 
shown that these results were potentially confounded by population trends such as 
decreasing aerobic fitness (as measured by maximal oxygen uptake, VO2max) and 
increasing obesity which accompany the aging process. When cross-sectional 
designs have attempted to match different age groups with respect to physical 
fitness and/or body characteristics, most studies have reported no significant age 
difference in heat tolerance [as measured by heat storage or core temperature 
response (Davies 1979; Drinkwater et al., 1982; Gonzalez et al., 1980; Hellon and 
Lind 1958, Hellon et al., 1956; Kenney 1988; Kenney et al., 1990; Lind et al., 1970; 
Pandolf et al., 1988; Smolander et al., 1990; Wagner et al., 1972)], although 
contradictory evidence also exists (Drinkwater and Horvath 1979). And finally, there 
is some evidence that whether or not there is a true age difference in thermoregula­
tory responses to heat stress may depend on climatic factors, such as humid 
compared to dry heat (Kenney and Anderson 1988).
Even in studies which have noted no difference in overall heat tolerance between old 
and young subjects, functional differences have been observed between old and 
young groups in heat loss effector responses. For example, a reduced sweating 
capacity has been observed in older women exercising in hot dry (but not warm 
humid) climates (Anderson and Kenney 1987) and a reduced skin blood flow has 
been noted in older exercising subjects in both humid and dry environments (Ander­
son and Kenney 1987; Kenney 1988; Kenney et al., 1990).
Although methodologically sound, attempts to compare matched groups in a 
cross-section study have not yielded conclusive answers to questions of the effect of 
age per se for several reasons. In most studies in which various features of subjects 
have been matched, authors have not succeeded in matching all potentially impor­
tant characteristics. Firstly, for example, matching older and younger subjects on the 
basis of VO2max per kilogram body mass (Anderson and Kenney 1987; Kenney 1988) 
often leaves differences in absolute VO2max of 10%-15% between groups. This often 
makes interpretation of results less clear. Secondly, few studies have attempted to 
match subjects for both VO2max and physical activity level, two related yet independ­
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ent influences on physiological responses to heat stress. And finally, it is not possible 
from cross-sectional designs to ascertain the relative importance of age compared to 
other factors (such as those associated with physical fitness, anthropometry, or body 
composition) in determining these responses.
The present study was designed to investigate the relative influence of age on 
physiological responses to (humid) heat stress during low intensity exercise. An 
attempt was made to determine the relative importance of age compared to other 
individual characteristics (Vo2max, physical activity level, anthropometry, and adipos­
ity) by multiple regression analysis. For this purpose, a subject sample was recruited 
which was heterogeneous with regard to relevant individual characteristics (age, 
Vo2max, body mass, adiposity, etc.) and in which age and Vo2max were not interre­
lated. Furthermore, to assess the relative importance of aerobic capacity compared 
to those of other individual characteristics, and to draw practical conclusions about 
the ability of older and younger subjects to perform a fixed work task, a low intensity 
absolute workload of 60 W  was chosen.
2.2 Methods
Location of experiments.
Experiments were performed at both the Pennsylvania State University (USA) and at 
the TNO Institute for Human Factors Research (The Netherlands). Experimental 
procedures were identical at each location. Although some equipment was different, 
instrument calibration and the presence of the primary author (G. Havenith) at both 
sites assured consistency of results.
Subjects.
Before the experiment, a power analysis was performed to determine the number of 
subjects needed for determination of relevant effects. For this purpose, the variance 
data from a previously published study using a similar exercise-heat challenge 
(Havenith and van Middendorp 1990) was used. That analysis determined that a 
minimal subject sample size of 40 would be sufficient to show significant effects on 
body core temperature of a magnitude of 0.1°C. A group of 73 potential subjects 
initially gave their voluntary and informed consent to participate in the experiment, 
which had been approved in advance by the respective institutional ethics review 
committees. Screening included a physical examination, resting 12-lead electrocar­
diogram (ECG), and completion of a medical history questionnaire. Each potential 
subject then underwent a maximal graded exercise test (GXT) on a treadmill to 
determine his or her Vo2max, and body composition and anthropometric variables
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were measured. The choice for a treadmill test instead of a cycle ergometer test for 
determination of VO2max was based on problems which several of the older subjects 
had with the high intensity cycle exercise. These subjects had never cycled before. 
However, after a short period they got used to the low intensity cycling exercise as 
used in the heat stress test (HST). A modified Balke protocol was used in the GXT; 
the subjects walked at a self-selected brisk pace, and after an initial 5-6 min warm­
up, gradient changes of 2.5% were made every 2 min until the subject felt too 
fatigued to continue.
On the basis of age, VO2max and anthropometric data, 60 of these subjects were 
selected to perform a standardized HST, as described below. The primary selection 
criterion for subject inclusion was that by adding this subject, no correlation be 
present in the subject group between age and VO2max, and secondarily between 
these variables and adiposity or anthropometric variables. This resulted in the 
exclusion of several young subjects who had very high VO2max values. In addition, 
data from 4 subjects who were unable to finish HST were excluded from data 
analysis. The results of all subjects who completed HST (n = 56: 41 men and 15 
women, distributed across age groups) were subsequently analysed. Their charac­
teristics are given in Table 1.
Table 1 Values for physical and physiological characteristics of the subjects (n=56). LBM, 
Lean free body mass; % fat, percentage fat determined from underwater weighing; AD = 
body surface area, AD /mass = surface area/mass coefficient; Vo2 max = maximal O2 uptake
parameter unit mean sd minimum maximum
age (years) 44 15 20 73
VO2 max (lmin-1) 3.03 0.65 1.86 4.44
(ml■kg'1■min'1) 42.1 7.5 27.7 56.5
(mlkg^LBMmin1) 53.9 7 41.7 69.3
%fat (%) 21.9 6.3 9.9 40.4
mass (kg) 72.5 12.1 49.8 104.6
height (cm) 173.9 7.5 157.1 192
Ad (m2) 1.87 0.17 1.52 2.26
Ad /mass (m2kg-1) 0.026 0.002 0.021 0.031
Preliminary measurements.
During GXT, heart rate (HR, from an ECG on a recorder) and blood pressure 
(brachial auscultation) were measured every minute. The VO2max was measured by 
open circuit spirometry using Douglas bags (USA)/Mijnhardt, Oxycon Sigma (The
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Netherlands). Prior to GXT, body adiposity (percentage fat) was determined by 
underwater weighing (Akers and Buskirk 1969). The subjects' habitual physical 
activity levels (ACTIV) were assessed using a previously validated questionnaire 
(Ross and Jackson 1990). The ACTIV was scored on a 7-point scale, ranging from 
"avoid walking or exertion” (ACTIV = 0) to "run over 10 miles each week or exercise 
over 3 h each week" (ACTIV = 7). Body surface area (AD) was determined from 
height (±0.5 cm) and mass (±20g) according to DuBois and DuBois (1916) and was 
also used to calculate the surface area to mass coefficient (AD /mass).
Heat stress tests.
On a separate day, the subjects reported to the laboratory, changed into shorts 
(women in addition wore a standard haltertop) and had the appropriate sensors 
attached for HST. A venous blood sample was drawn for the determination of blood 
osmolality and plasma protein concentration. While these data were not used in 
subsequent analysis, they served to ensure that no age related differences in the 
state of hydration was present in the subject group. The subjects entered the 
environmental chamber which was controlled at a temperature of 35°C, a relative 
humidity of 80%, and air movement of less than 0.15 m s-1. The subjects initially 
rested for 30 min in a semi-reclining chair mounted behind a cycle ergometer 
[Monark (USA)/Lode (The Netherlands)]. After this equilibration period they exercised 
on the cycle ergometer at a pedalling frequency of 60 rpm at an intensity of 60 W  
external resistance. The exercise period lasted 60 min, or until one of the following 
safety limits was reached: rectal temperature (Tre) was greater than 39°C, HR was 
greater than 90% of the individual's maximal HR as determined during GXT, or 
adverse symptomology. During the 90-min period in the environmental chamber, 
measurements were recorded on-line using Keithley (USA) and Fluke (The Nether­
lands) data acquisition systems, respectively, and stored on a computer at 60-s 
intervals.
The following variables were measured during HST: Tre (YSI Series 400/700 
flexible thermistors inserted 1 2 -cm beyond the anal sphincter), mean skin tempera­
ture [Tsk, surface-weighted average of 4 type-T thermocouples (USA) or YSI 700- 
series thermistors (The Netherlands) placed on the arm, upper leg, chest and back], 
oxygen uptake (VO2) [from analysis of expired air collected during two 2-min periods 
(after 15 min and after 45 min of work)], HR (ECG using a CM5 lead), forearm blood 
flow (FBF, venous occlusion plethysmography with a mercury-in-Silastic strain 
gauge; Whitney 1953), and arterial blood pressure (brachial auscultation).
Sweat loss was determined from nude body mass (±10 g accuracy) obtained 
before and after HST. Mass loss was not corrected for respiratory losses or meta­
bolic exchange, as the potential contribution of these mechanisms was deemed to be 
constant and equal for all subjects, due to the fixed metabolic load.
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In addition, the following variables were calculated: mean arterial blood 
pressure (MAP, in mmHg) was calculated as:
MAP = (0.67-diastolic pressure) + (0.33-systolic pressure)
and forearm vascular conductance (FVC, in units of ml-100 ml'1min'1mmHg'1) as:
MAP
Heat storage (S, in J g '1) was calculated according to the equation:
Storage = cb[0.8(Tre-3 7 )+0.2(Tsk-33)] (Jg  1) 
where cb is the specific heat of body tissues (= 3.49 J g'1°C'1).
Statistics.
Data from the final 3-min of HST were averaged and used for the statistical analysis. 
The multiple (non)linear regression and analysis of variance modules of the package 
SYSTAT (Wilkinson 1990) were used. Data were tested for normality of distribution 
using skewness and kurtosis calculations. The regression analysis was performed 
stepwise in an interactive manner. The order of the steps was determined by the 
investigator, based on statistical as well as physiological relevance. Significance 
levels of p<0.05 were accepted. Details about the statistical procedure have been 
reported previously (Havenith and van Middendorp 1990).
2.3 Results
Correlations between age and Vo2max and age and adiposity for the 56 subjects are 
given in Fig. 1, illustrating that these major variables were not significantly correlated. 
Neither were the correlations between Vo2max and adiposity significant. Further, 
observed values for skewness and kurtosis for the present data set indicated that the 
data were normally distributed. Thus the requirements for the use of multiple linear 
regression analysis were met for this sample of 56 subjects.
Though a range in hydration states was observed in the subject population [mean 
plasma osmolality 285 (SD 6) mosmolkg'1; mean plasma protein concentration 6.64 
(SD 0.29) g dl'1] no correlation was observed between either of these variables and 
age. At the chosen exercise intensity of 60 W, the resulting mean Vo2 was 1.09 (SD 
0.12) l-min'1.
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The results of the stepwise regression analysis are described below for each of the 
following dependent variables: Tre, S, HR, MAP, FBF, FVC, and sweat loss.
Fig. 1 The relationship between maximal oxygen uptake (VO2max) and age (a) and 
adiposity (%body fat) and age (b) for the 56 subjects tested. Each point represents 1 
subject. Neither correlation was statistically significant, as shown by the low r values
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Fig. 2 Final values of rectal temperature (a) and heart rate (b) during the heat stress test 
as a function of age. Each point represents 1 subject
Rectal temperature and heat storage
There were no significant correlations between the final Tre and age (r = 0.19; Fig. 
2a), adiposity (r = 0.24), or ACTIV (r = -0.10). The Tre was significantly correlated with 
absolute VO2max (r = -0.50, p<0.001) and with several anthropometric measurements 
[Ad ( r = -0.34), height (r = -0.29), mass (r = -0.30), and AD/ mass (r = 0.29)]. Once
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Vo2max was entered into the regression equation to predict Tre, none of the other 
variables had any significant correlation with the residual variance in the Tre data. 
That is, once the Tre response was corrected for the Vo2max effect, no other variable 
had a significant effect (all correlation coefficients less than 0.15 and p values 
greater than 0.35). The resulting regression equation was:
Tre (°C) = 39.16-0.25•VO2max (in  l# m in 1) (r=  0.51, p<0.001)
Similar to Tre, S was a significant function of Vo2max (r = -0.50, p<0 .0 0 1) and 
anthropometric measurements (AD, height, mass, and AD /mass; r  = -0.37, 0.29,-0.34, 
and 0.34, respectively). After Vo2max was entered, no other variable explained any 
additional variance. The equation relating S to Vo2max was:
S (J-g-1) = 7.9 -0.77 •V o 2max (in  l# m in 1) (r=  0.50, p<0.001)
Sweat loss
The variables associated with the magnitude of sweat lost during HST were Vo2max (r 
= 0.41, p<0.01), A^/ mass (r=  0.28, p<0.05), AD (r = 0.40, p<0.01), body mass (r = 
0.45, p<0.001), and ACTIV (r = 0.32, p < 0.05). The two regression equations 
generated were:
sw eat loss (g) = -216. +10.8#mass + 55.• A C T IV  (r=  0.58, p<0.001)
and
sw eat loss (g) = -420. + 210.#Vo2max+19.2• % fat + 40. A C T IV
(r=  0.61, p< 0 .0 0 1)
When sweat loss per metre squared AD was used as the dependent variable, 
correlations were only present with ACTIV (r = 0.38, p<0.01) and Vo2max, with the 
latter expressed per kilogram of fat free body mass (r = 0.26, p<0.05). After activity 
level was entered, only adiposity showed a significant correlation with the residuals ( r  
= 0.26, p<0.05). The best equation was:
sw eat loss (gm  2) = 169. + 33.4• A C T IV+  5.4• % fat (r=  0.45, p = 0.003)
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Table 2 Partial correlation coefficients (with respective p values) for the relationship 
between heart rate and individual parameters. The values listed under Steps 2 and 3 are r 
values for the correlations of the residual variance for those variables once the first (and, 
in the case of Step 3, the second) parameters are entered into the equation. ACTIV = 
activity levels; other definitions see Table 1
Step: 1 2 3
r P r P r P
VO2 max (| min-1) -0.66 (p<0.001)
age (yr) -0.18 (p=0.19) -0.34 (p<0.01)
ACTIV (scale units) -0.28 (p<0.05) -0.11 (p=0.43) -0.09 (p=0.54)
%fat (%) 0.36 (p<0.01) 0.16 (p=0.26) 0.3 (p<0.05)
Ad (m2) -0.44 (p<0.001) -0.01 (p=0.92) 0.23 (p=0.10)
mass (kg) -0.38 (p<0.01) 0.02 (p=0.91) 0.3 (p<0.05)
Ad /mass (m2-kg-1) 0.35 (p<0.01) 0.05 (p=0.71) -0.23 (p=0.10)
Heart rate
The relationship between maximal HR (HRmax) and age is well known. For the 
present study, the relationship between HRmax during GXT and age was found to be
HRmax (beats-min A) = 210. - 0.56-age (years) (r=  0.66, p<0.001)
No additional variables added to the explained variance in the equation. 
Correlation coefficients for final HST HR and the independent variables are given in 
Table 2. The observed HR at the end of HST correlated best with Vo2max. Poorer but 
still significant correlations were present with ACTIV and with the anthropometric 
measurements. No significant correlation was present with age (Fig. 2b). As the 
highest correlation was present with Vo2max, this variable was entered into the 
equation first, yielding the relationship:
H R (beats-m in1) = 198. -20.2-VO2max (l- m in1) (r=  0.66, p<0.001)
The residual variance in HR corrected for the Vo2max influence was correlated only 
with age (Table 2, step 2). This resulted in:
H R (beats-m in1) = 216. -21.3-VO2max-0.32-age (r=  0.71, p<0.001)
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As no relationship between HR and age was present in the first step, this 
suggested the presence of an interaction between age and Vo2max for HR. Subse­
quent analysis of this interaction demonstrated that, despite its presence in these 
data, its contribution was smaller than that of the two main effects.
After correcting for Vo2max and age, the residual variance in HR still showed a 
significant correlation with percentage fat and body mass (Table 2, step 3). For both 
correlations, the residual variance was almost equal, but body mass had the highest 
correlation with the variables already in the equation. This intercorrelation of parame­
ters also explained the sign change of the correlation coefficient for body mass 
between steps 1 and 3. Therefore, to minimize multiple co-linearity in the model, 
body fat content was chosen as the variable to enter:
HR (beats-m in1) = 195. - 18.2-Vo2max-0.46-age + 0.78-% fat
(r=  0.74, p<0.001)
After this step, no additional variables added significantly to the model.
As HRmax changes with age, we also examined the final HST HR as a percent­
age of each subject's maximum (% HRmax). The highest predictive value for %HRmax 
was provided by Vo2max (r = -0.71, p<0 .0 0 1). The residual variance still showed a 
correlation with remaining variables, with body mass having the highest correlation (r 
= 0.34, p<0.01). The resulting equation was:
% HRmax = 97.3 -13.5-Vo2max + 0.25-m ass (r=  0.76, p<0.001)
and none of the remaining variables explained any additional variance.
Mean arterial pressure
There was a significant correlation between MAP at the end of HST and the following 
variables: Vo2max expressed per kilogram of body mass (r = -0.55, p<0 .0 0 1 ), age (r =
0.58, p<0.001), adiposity (r = 0.44, p<0.001), mass (r = 0.48, p<0.001), AD (r = -0.37, 
p<0.01), and AD /mass(r = -0.60, p<0.001). After entering AD/mass, the residual 
variance still correlated with adiposity, age, Vo2max per kilogram, and mass. The best 
complete predictive equation was produced by entering AD /mass coefficient, age and 
Vo2max per kilogram:
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MAP {mm Hg) = 165.-2334.— 2 - -0.495{V02maxkg 1) +0.167age
mass
(r= 0.73, p<0.001)
FBF and FVC
In almost every instance, the FBF value measured at the end of the test was the 
maximal value for the entire HST. Final FBF was significantly correlated with the 
same variables as MAP: Vo2max per kilogram body mass (r= 0.54, p<0.001), age (r = 
-0.57, p<0.001), adiposity (r=  -0.45, p<0.001), and AD/mass (r = 0.26, p<0.05). The 
results for regression of FBF and FVC were similar. The Vo2max per kilogram (r = 
0.59, p<0.001), age (r=  -0.63, p<0.001), adiposity (r = -0.49, p<0.001) and AD/mass 
(r = 0.40, p<0.01) showed significant correlations, to which a significant effect of 
mass (r = 0.30, p<0.05) was added. For each of these cardiovascular variables, two 
regression formulas were deduced, and both include the age variable. Both regres­
sions are presented for each dependent variable because:
1. The explained variance is similar for each equation,
2. The partial correlation coefficients for the independent variables are
similar, and
3. Each is reasonable from a physiological perspective.
Therefore there is no statistical reason to exclude one in favour of the other.
FBF (m/-100m/ Amin 1) = 10.9- 0 M  ■ age + 0.2Q-{V02max kg 1)
(r=0.65, p<0.001)
FVC (m/-100m/-A min 1mmHg 1) = 0.113-0.0027-age + 0.0043-(U02maxkg 1)
(r=0.71, p<0.001)
FBF (m/-100m/-A min A) = 30.4-0.21 -age-0 .29 -%fat (r=0.63, p<0.001) 
FVC = 0.45-0.0032-age-0.0045-%faf (r=0.70, p < 0.001)
A diagram of the relationship between FVC and both age and Vo2max is given in Fig.
3.
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Fig. 3 The relationship of forearm vascular conductance (FVC) to maximal O2 uptake 
(Vo2max) per kilogram body mass and age. For illustrative purposes only, the subjects 
were divided into three age and three Vo2max groups. Mean values were as follows: young 
= 30 years, middle = 44 years, older = 63 years; low Vo2max = 33.9, medium = 42.7, and 
high = 51.8 ml • min-1 • kg-1
Non-linear effects of age
For some of the variables studied, analysis of the effect of age revealed nonlinear 
components. Significant non linear effects were observed for effects of age on HRmax, 
HR, FBF and FVC, such that inclusion of a second order effect of age improved the 
regression equations. This resulted in the following equations:
HRmax = 199. -0.0063• age2 (r=  0.67, p<0.001)
H R = 165. -19.5• VO2max+1.54• age- 0.022•age2 + 0.48• % fat
(r= 0.76, p<0.001)
FB F = 23. + 0.26• (VO 2maxkg A) -0.72• age + 0.006#age2 (r=  0.68, p<0.001) 
FVC  = 0.331 + 0.004• (VO 2maxkg A) -0.013• age + 0.001 •age2
(r=  0.75, p<0.001)
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2.4 Discussion
Though, based on data from the literature some of the observed effects may have 
been expected a priori, the simultaneous study of these effects as used in the 
present study provides a more integrated knowledge of the relevant relationships. 
Most recent studies of the effects of age on physiological responses have attempted 
to match groups of old and young subjects for one or more characteristics, thus 
isolating age as a discrete independent variable. The present investigation differed in 
its approach, testing a larger subject sample which was heterogeneous for several 
potentially important physical and physiological subject characteristics, of which age 
was only one. The results suggest that age is an important contributory factor in 
cardiovascular effector responses to a humid HST, in particular, for HR and skin 
blood flow (both lower with advancing age). On the other hand, thermoregulatory (S, 
core temperature) and sweating responses are more closely related to VO2max and 
physical activity level. Once these variables are accounted for, there is no significant 
effect of age. Anthropometric measurements and body composition have significant, 
but secondary, influences on the physiological responses measured here.
Comments on the methodology
As the approach used in the present study is quite different from most research in 
this area, some comments seem appropriate. As the aim of the study was to 
determine relative effects of individual characteristics, several choices were made 
which may seem in contradiction to what is commonly accepted in this field of 
research. Choosing a fixed exercise intensity resulted in different relative intensities 
(percentage VO2max) for subjects (though equal among age groups) resulting in 
different thermal loads. However, using relative intensities (equal percentage VO2max) 
would correct the results for differences in aerobic capacity among subjects and it 
would become impossible to determine the relative importance of aerobic capacity 
compared to that of, for example, age or percentage body fat. Also for the regression 
analysis single parameters (VO2max) were preferred to combined ones (percentage 
VO2max, VO2max per kilogram) which are usually preferred for analysis. The latter 
includes two body characteristics at once, and corrects data for the effect of differ­
ences in body mass. However, the aim of the regression analysis is to separate 
these effects and to determine their relative influence.
Instead of comparing two disparate age groups, subjects spanning a continuum of 
age were studied. Subject selection was restricted such that the average values for 
each age group's (for example by decade) physical characteristics should not differ, 
but that a wide range of each characteristic would be present in these data. Hence, 
in the present study subject groups differing in age had a similar average VO2max,
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adiposity, etc., but a large variation was present within each age group.
The subject sample tested here reflected neither the age-related decline in VO2max 
(Hodgson and Buskirk 1977) nor the changes in body height, mass, or adiposity 
inherent in the overall population. Thus, observed results do not reflect a typical 
population response, but reflect functional relationships between chronological age 
and other body characteristics. A second potential disadvantage of this methodology 
is that the large variance introduced into the test group could have resulted in a 
larger variance in the results, diminishing the significance of any effects. However, in 
those independent variables which had practical relevance for heat stress re­
sponses, a significant effect should still have been observed. (This was supported by 
the results of the a priori power analysis.)
However, there are distinct advantages in this study design which outweigh the 
required statistical constraints. Firstly, the large intra-group variance allows for the 
analysis of the relative contribution of these variables relative to other variables. To 
analyse this type of data, the assumption has to be made that the variables should 
not show any significant correlation among each other. As shown in part in Fig. 1, 
this assumption was met, except for a weak but insignificant correlation between 
adiposity and VO2max. However, regressions in which both variables are present 
should be treated with caution.
Secondly, having a continuous age scale available in the population allows for 
analysis of possible nonlinear effects of age on the heat stress responses. Thirdly, 
the current approach eliminates the various problems encountered in trying to match 
two or more discrete age groups with respect to all potentially important contributory 
factors. The need to match subjects for VO2max in age research on thermoregulation 
is particularly acute. For work within a wide range of ambient conditions (termed the 
"prescriptive zone”), body core temperature has been shown to be closely related to 
the exercise intensity expressed as a percentage of the individual VO2max (Lind et al., 
1970). However, in experiments performed with old and young groups working at 
equal relative intensities, absolute exercise intensities were sometimes dramatically 
different (Davies 1981; Lind et al., 1970; Vroman et al., 1983; Yousef et al., 1984). 
Since sweating rate is related to absolute exercise intensity (as is absolute metabolic 
heat production) subjects need to exercise at the same absolute and relative 
intensities to compare thermoregulatory responses to the same stimuli, a situation 
which can only be accomplished if VO2max is similar among age groups. This sets up 
a comparison of fitter than average older subjects with more sedentary younger 
subjects (Pandolf et al., 1988).
Together with changes in VO2max, body mass, size, and composition also change with
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age. These effects, confounded with age, have been found to be magnified when 
work is weight-bearing, such as uphill treadmill walking or stepping (Smolander et al., 
1990). Alternatively, when subject group fitness is matched by comparing age groups 
with a similar mean Vo2max per kilogram of body mass, it has been found that 
differences in absolute Vo2max are often considerable (Anderson and Kenney 1987; 
Davies 1981; Drinkwater et al., 1977; Kenney 1988; Smolander et al., 1990). Finally, 
other physical characteristics, such as the surface area/mass coefficient, may also 
be important because of their direct effect on heat production and exchange. Only 
when subjects are matched for all characteristics which affect their physiological 
responses can the effects of age per se be delineated with any degree of clarity.
To our knowledge, the present approach to analysing heat stress responses has not 
previously been used. A similar technique has been used to look at maximal work 
capacity as a function of such variables as age, mass, adiposity, smoking behaviour, 
vital capacity, resting HR and activity level (Bovens et al., 1993). The explained 
variance in maximal work capacity due to age was 50%. The significant presence of 
age in that predictive equation may be explained by the epidemiological nature of the 
study, with older subjects being less fit.
A further important point which should be addressed is the inclusion of women in the 
set of data without consideration of a specific sex effect. Havenith and van Mid­
dendorp (1990), using a similar technique as the present, have shown that when the 
physical characteristics of both sexes are included in the analysis of heat stress 
response, no specific sex differences are observed during work in the heat. The lack 
of a distinct sex influence on responses to heat stress is well known (for a review, 
see Kenney 1985). A separate analysis of the set of data for the men only (3 
subjects excluded to prevent correlation of Vo2max and age) produced similar results 
as the present set of data. However, due to the limited ranges in, for example, 
percentage fat and the smaller set of data, determination of relative influences of 
parameters was more difficult.
Heat strain and thermoregulatory responses
In the present experiment, with its large inter-individual variance in physical and 
physiological characteristics, no effect of age on either body temperature or S was 
observed. If body core temperature is accepted as the most important variable in 
determining heat tolerance, no age effect on heat tolerance is present. The notion 
that core temperature is the critical factor in heat tolerance, that is superseding 
possible cardiovascular failure, has been the underlying assumption used by a 
variety of organizations (ISO 1993; NIOSH 1986) to set heat stress standards for 
industry and the military. This assumption has been supported by recent observa­
tions of Nielsen et al., (1993), although their subjects were very well-trained athletes.
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A high level of cardiorespiratory function may easily mask limitations of performance 
in HST which are of a circulatory nature.
Although evaporative heat loss was limited in this humid environment, sweat loss 
over the session represented another unique thermoregulatory effector response. 
Whether expressed as absolute mass lost or corrected for AD, there was no signifi­
cant relationship between sweating and age. It has been stated that sweating rate is 
a function of absolute exercise intensity (Drinkwater and Horvath 1979); however, 
there is a large degree of inter-individual variability in sweating responses at a given 
absolute intensity, as demonstrated in the present experiment. Sweat loss was 
significantly related to such variables as VO2max, body fat content (or body mass), and 
regular ACTIV.
Sweat loss per metre squared AD (which has greater thermoregulatory relevance) 
was most strongly related to the subjects' ACTIV. There is a clear distinction 
between the VO2max and ACTIV, since the former has an inherent genetic compo­
nent. While both are undoubtedly important in determining sweating rate under a 
variety of conditions, there is another explanation for the dominance of ACTIV in 
predicting sweat loss. Regular exercise, in addition to causing an increase in VO2max, 
has also been found to confer a higher level of heat acclimation (Henane et al., 
1977). The increased core temperature in exercise raises the central stimulus to the 
sweat glands, and the concomitant increase in T sk directly affects the sweat glands. 
The result is an increase in gain of the sweat rate-core temperature relationship, 
representing the improvement in the individual's acclimation status (Havenith and 
van Middendorp 1990). Pandolf et al., (1988) and Kenney et al., (1990) have both 
suggested that older subjects by necessity have a higher regular activity level than 
younger subjects of equal VO2max, and therefore have a higher level of acclimation. In 
the present experiment, this hypothesis was tested by recording and analysing 
ACTIV of all subjects. No correlation was present between ACTIV and age in the 
present set of data. The ACTIV was not a significant predictor of any variable other 
than sweat loss.
Cardiovascular responses
Unlike thermoregulatory variables, age played a significant role in determining all 
cardiovascular variables measured during HST (i.e. final HR, MAP, FBF, and FVC). 
The (inverse) effect of age on HR was lost, however, when HR was expressed as the 
individual's %HRmax. This measure of cardiac strain, was related to VO2max across the 
age groups.
As suggested by Kenney et al., (1990), effects of age on circulatory variables may be 
secondary to age-related changes in hydration status. Observed increases in blood
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osmolality with age (O'Neill et al., 1990; Spangler et al., 1984) may indicate acute or 
chronic hypohydration. Since it has been shown that hydration state, independent of 
VO2max or age, may profoundly influence the cardiovascular response to HST 
(Fortney et al., 1984; Nadel et al., 1980; O'Neill et al., 1990; Spangler et al., 1984), 
we chose to pre-screen the subjects in the present study by determining plasma 
osmolality and plasma protein concentration. Osmolality and plasma protein values 
were obtained from 46 subjects ranging in age from 30 to 73 years. Neither of these 
variables was related to age, excluding the possibility of contamination of the results 
by alterations in hydration state.
The reduced peripheral blood flow responses (lower FBF and FVC) with age, 
accompanied by unchanged core temperature, have previously been reported by 
Kenney (Fortney et al., 1984; Kenney 1988; Kenney et al., 1990,1991; Nadel et al., 
1980; O'Neill et al., 1990; Spangler et al., 1984) and discussed by Kenney and 
Havenith (1993). At a given core temperature, FBF and FVC were lower in the older 
subjects as a result of a lower slope of the FBF : core temperature response once 
vasodilation has begun (Kenney 1988). Since VO2max plays a large role in determin­
ing core temperature (as shown by the T re data in the present study) it is not surpris­
ing that both age and VO2max are significant predictors of FBF and FVC (Fig. 3). In 
the warm humid climate chosen for the present experiment, in which both dry and 
evaporative heat loss are minimal, the effect of a reduced skin blood flow on core 
temperature is likewise minimal.
Vroman et al., (1983) have suggested that adiposity also played a role in determining 
the skin blood flow response to an exercise-heat challenge. It is noteworthy that 
while age remains as a significant predictor with approximately the same influence 
on FBF and FVC, substituting adiposity for VO2max does not weaken or strengthen the 
regression. The combined effects of age and VO2max or age and percentage body 
fatness each explain 40%-50% of the variance in FBF and FVC.
The observed nonlinear effects of age on cardiovascular variables HRmax, HR, FBF 
and FVC show that reductions in HRmax and final HST HR become stronger with 
advancing age, whereas the strongest reduction in maximal FBF and FVC appears 
to occur before the age of 45 years. This would suggest that age-related changes in 
HRmax and in peripheral vasodilatation are independent processes.
In summary, stepwise regression analysis was used to determine what physical and 
physiological characteristics were important predictors of physiological responses to 
exercise in a warm, humid climate. Age (in the range of 20-73 years) had significant 
effects on central (HR) and peripheral (MAP, FBF, FVC) cardiovascular responses. 
On the other hand, age had no significant effect on body temperature, S, sweat loss
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or on HR expressed as percentage of the individual's maximum, all of which were 
closely related to VO2max (and in the case of sweating, physical activity level).
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The relative influence of body characteristics 
on humid heat stress response
George Havenith ■ Viktor G.M. Luttikholt ■ Tanja G.M. Vrijkotte
(European Journal of Applied Physiology, 70:270-279, 1995)
Summary The present study was designed to determine the relative importance of 
individual characteristics such as maximal oxygen uptake (VO2max), adiposity, DuBois body 
surface area (AD), surface to mass ratio (AD /mass) and body mass, for the individual's 
reaction to humid heat stress. For this purpose 27 subjects (19 men, 8 women), with 
heterogeneous characteristics (VO2max 1.86-5.28 l min ; -1fat% 8.0%-31.9%; mass 49.8­
102.1 kg; AD 1.52-2.33 m2) first rested (30 min) and then exercised (60 W for 1 h) on a 
cycle ergometer in a warm humid climate (35°C, 80% relative humidity). Their physiologi­
cal responses at the end of exercise were analysed to assess their relationship with 
individual characteristics using a stepwise multiple regression technique. Dependent 
variables (with ranges) included final values of rectal temperature (Tre 37.5-39.0°C), mean 
skin temperature (Tsk 35.7-37.5°C), body heat storage (S 3.2-8.1 Jg-1), heart rate (HR 
100-172 beatmin-1), sweat loss (397-1403 g), mean arterial blood pressure (MAP, 68-96 
mmHg), forearm blood flow (FBF, 10.1-33.9 ml100ml'1 min'1) and forearm vascular 
conductance (FVC = FBF/MAP, 0.11-0.49 ml100ml'1 min'1 mmHg'1). The Tre, Tsk and S 
were (34%-65%) determined in the main by Vo2 max or by exercise intensity expressed as a 
percentage of VO2max (%VO2max). For Tre A D/mass ratio also contributed to the variance 
explained, with about half the effect of VO2max. For Tsk, fat% contributed to the variance 
explained with about two-third the effect of VO2max. Total body sweat loss was highly 
dependent (50%) on body size (AD or mass) with regular activity level having a quarter of 
the effect of body size on sweat loss. The HR, similar to Tre, was determined by VO2max 
(48%-51%), with less than half the effect of AD or AD /mass (20%). Other circulatory 
parameters (FBF, MAP, FVC) showed little relationship with individual characteristics ( < 
36% of variance explained). In general, the higher the VO2max and/or the bigger the 
subject, the lower the heat strain observed. The widely accepted concept, that body core 
temperature is determined by exercise intensity expressed as %VO2max and sweat loss by 
absolute heat load, was only partially supported by the results. For both variables, other 
individual characteristics were also shown to contribute.
Key words Body temperature-Sweating-Exercise-Heat strain-Body characteristics
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3.1 Introduction
Parameters which influence the heat stress response of an individual have been 
summarized in several reviews (Havenith 1985; Kenney 1985) comprising physical 
fitness, acclimatization, hydration state, drug and alcohol use, hypertension, sex, 
adiposity, anthropometric measurements and age. These individual parameters have 
seldom been incorporated in tools/models for the prediction of heat strain during 
work in warm climates. Prediction of heat stress and strain is an important issue in 
industry, as well as in military situations. Particularly during the Gulf crisis, where in 
addition to the climatic stress, protective clothing increased the risk of heat casual­
ties, models predicting heat strain have proved to be of value. However, as individual 
differences have not been included, these models for predicting heat stress/strain 
(Gagge 1973; Givoni and Goldman 1973; ISO 1982, 1989; Lotens 1993) are limited 
to prediction of the average response, which may involve risks for individuals at the 
extremes of the population (Wenzel et al., 1989).
The effect of the above-mentioned individual parameters has been studied exten­
sively, but usually looking at only one parameter at a time. Most studies have 
matched subjects for one or more parameters, while investigating another (Frye and 
Kamon 1981; Anderson and Kenney 1987; Kenney 1988). Others have used subject 
groups with heterogeneous parameters and analysed the relative effect of these 
parameters on heat stress response (Havenith and van Middendorp 1990; Havenith 
et al., 1993, 1995). The latter approach allowed the determination of a weighting 
factor for the effect of individual parameters. These weighting factors can then be 
used for instance to select subjects to perform a certain stressful task, or for the 
improvement of the simulation models. Havenith and van Middendorp (1990) have 
studied the relevance of the following parameters: acclimation, sex, VO2max, and the 
anthropometrics for exercise at a fixed percentage of an individual's VO2max in cool, 
warm-humid, and hot-dry climates. In most climates, heat strain, determined by body 
core temperature, has been found to be related to the exercise intensity expressed 
as percentage of VO2max (Astrand 1960; Saltin and Hermansen 1966). The relative 
influence of the individual's aerobic power on heat strain, compared to that of other 
individual characteristics, may thus have been underestimated in the Havenith and 
van Middendorp (1990) experiment as they used relative exercise intensities. Also, 
as in many work environments the task load is fixed, the question arises as to what 
the weighting factor for the individual differences (e.g. VO2max versus body fat%) 
would be if subjects had to perform a fixed absolute work load instead of a load 
relative to their aerobic power (VO2max). This question has been studied by Havenith 
et al., (1993, 1995), focusing in the main on the relative effects of age and aerobic 
power. To get a better assessment of the effects of individual parameters other than 
age, the young group (n = 12) from that experiment has been expanded. This group
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of subjects, heterogeneous in aerobic power, sex, adiposity, anthropometric mea­
surements and patterns of regular activity was exposed to a warm-humid climate 
while performing a fixed work load on a cycle ergometer. Analysis of the data 
obtained should answer the question as to which of the individual characteristics are 
concerned with the person's reaction to heat stress, and how important these 
parameters are in relation to each other.
3.2 Methods
Screening
A group of 38 subjects volunteered for the study, which was approved by the 
Institute's Medical Ethics Committee. Before participation in the experiment the 
subjects signed an informed consent and were medically screened. This included a 
physical examination, resting 12-lead electrocardiogram (ECG), and completion of a 
medical history questionnaire. Each potential subject underwent a graded exercise 
test (GXT) on a treadmill, using a modified Balke protocol [2.5% gradient changes (= 
1.23 W kg -1 at 5 km h -1), every 2 min after a 5 min warm-up at 5% gradient until the 
subject felt fatigued]. During the GXT, heart rate (HR, via CM5 lead outputted to a 
recorder) and blood pressure (via brachial auscultation) were obtained every minute. 
Maximal oxygen uptake (VO2max, Mijnhardt, Oxycon Sigma) during the GXT (over a 
1-min period served as the measure of aerobic power. Adiposity was interpreted in 
two ways: firstly, as the thickness of the subcutaneous fat layer, measured as the 
sum of four skinfolds (Durnin and Womersly 1974) and, secondly, as total body fat 
percentage, determined by underwater weighing (Akers and Buskirk 1969). This 
separation was made to test whether sub-cutaneous fat (skinfolds) affects thermo­
regulation through its insulative properties or whether thermoregulation is more 
affected by total body fat as a passive body mass with a lower than average specific 
heat. The subjects' habitual physical activity was recorded using a questionnaire, 
describing their participation in exercise programmes, etc. (Ross and Jackson 1990). 
Activity level (ACTIV) was scored on a 7-point scale, ranging from "avoid walking or 
exertion” to "run over 10 miles each week or exercise over 3 h each week". Body 
surface area (AD) was determined from height ( ± 0.5 cm) and mass ( ± 10 g) 
according to DuBois and DuBois (1916) and was also used to calculate the surface 
to mass ratio of the subjects (AD /mass). From the group of subjects screened, 27 (19 
men, 8 women) were selected to perform the heat stress test (HST). This selection 
was based on the need to minimize correlations between individual parameters, to 
analyse these as independent parameters (Havenith et al., 1995). Natural acclimati­
zation levels of all subjects were presumed to be equal, as all tests were performed 
in the spring. The subjects were interviewed for possible recreational heat expo­
sures.
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Heat stress test
For HST, each subject reported to the laboratory, changed into shorts (women also 
with a haltertop) and had sensors attached (description below). Next they entered the 
climatic chamber controlled at an ambient and radiant temperature of 35°C, at a 
relative humidity of 80% and a wind speed below 0.2 m s-1. The subjects rested for 
30 min in a semi-reclining chair mounted behind a cycle ergometer. Next, they 
started to exercise (60 W) on an electrically braked cycle ergometer (Lode). They 
aimed at a pedalling frequency of 60 rpm. They cycled for 60 min, or until reaching 
one of the safety criteria [rectal temperature (Tre) > 39°C or HR > 90% of the 
individual maximum as determined] in the GXT, or any adverse symptomology). 
During the period in the climatic chamber on-line measurements were made, using a 
Fluke data acquisition system, of the following variables: Tre by a thermistor (Yellow 
springs instruments, 700 series) inserted 12 cm beyond the anal sphincter; mean 
skin temperature (Tsk), as a surface weighted average of 4 YSI 700 series thermis­
tors placed on the arm, upper leg, chest and back; oxygen uptake (VO2) by analysis 
of expired gases during two 5-min periods (after 15-min and after 45-min work) using 
a Mijnhardt Oxycon Sigma system; HR, from CM5 lead via a recorder and oscillo­
scope for constant monitoring; forearm blood flow (FBF), using venous occlusion 
plethysmography (Whitney 1953), with temporary arterial occlusion of the hand and 
venous occlusion of the upper arm. Mean arterial blood pressure (MAP) was 
determined by brachial auscultation and calculated as:
Ma p  _ (2 0 • d iasto lic p ressure + systo lic pressure) (mmHg)
Forearm vascular conductance (FVC) was calculated as:
FVC  = FBFF (ml- 100m/ 1 •m in 1 -mmHg 1) 
M AP
Sweat loss was determined by weighing subjects before and after the heat exposure. 
Mass loss was not corrected for metabolic and respiratory mass losses, as these 
were assumed to be equal for all subjects due to the fixed metabolic rate.
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Body heat storage (S) was calculated as:
S _ (0.8A T re + 0.2A Tsk) • cb ( J g 1)
with cb as the specific heat of body tissue ( = 3.49 Jg -1 °C-1).
Data were stored at 60-s intervals. The final statistical analysis was performed using 
the data from the end of the test, averaged over the last 3 min (only subjects who 
completed 90 min were included).
Statistics
For the statistical analysis, the multiple (non)linear regression and analysis of 
variance modules of the package SYSTAT (Wilkinson 1990) were used. Distributions 
of data were tested for normality using probability plots and skewness and kurtosis 
calculations. The regression analysis was performed stepwise in an interactive 
manner. The order of the steps was determined by the investigator, based on 
statistical as well as physiological relevance. Significance levels p < 0.05 were 
accepted. Outliers were determined using Studentized residuals and Cook's D- 
statistic.
The values presented for the variance explained in the data ( r 2adj) are so called 
"adjusted r  2" values, which take in account the number of data and the number of 
predictors used in the equation.
3.3 Results
Subjects
In total, data for 27 subjects (19 men, 8 women) were collected. Their individual 
characteristics are presented in Table 1. For the analysis, sex was coded as 1 for 
men and 0 for women.
Statistical constraints
The attempt to prevent intercorrelation of individual characteristics was only partially 
successful. As expected, VO2max (litre per minute) among the subjects was not 
correlated to adiposity or skinfold thickness, but did show a significant correlation 
with body mass and related parameters such as AD, lean body mass and A D/mass. 
Also (by definition) anthropometric data such as mass, height, AD and AD /mass were 
inter-correlated. Thus when these parameters are present together in the equations
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this should be considered.
Table 1 Physical characteristics of the subjects (n = 27). VO2max = Maximal oxygen 
uptake, %fat = percentage determined from under water weighing, skinfolds = sum of four 
skinfold thicknesses, AD = body surface area, AD /mass = surface to mass ratio
Mean SD Minimum Maximum
age (years) 25.7 4.5 18 35
VO2 max ( l min'1) 3.66 0.88 1.86 5.28
VO2 max/kg ( ml-min'^kg'1) 51.3 7.9 33.1 69.2
%fat (%) 17.6 6.5 8.0 31.9
skinfolds (mm) 36.1 15.8 18.9 78.8
body mass (kg) 71.2 13.0 49.8 102.1
height (cm) 179.2 9.8 162.0 193.5
Ad (m2) 1.89 0.20 1.52 2.33
Ad /mass (m2-kg1) 0.027 0.002 0.022 0.031
Table 2 Data obtained at the end of the heat stress test (n = 27). Tre = Rectal tempera­
ture, Tsk = mean skin temperature, S = heat storage, HR = heart rate, FBF = forearm 
blood flow, MAP = mean arterial pressure, FVC = forearm vascular conductance, VO2 = 
oxygen uptake
Mean SD Minimum Maximum
Tre (°C) 38.12 0.38 37.54 39.04
Tsk (°C) 36.5 0.5 35.7 37.5
s (Jg-1) 4.8 1.3 3.2 8.1
HR (bpm) 131 22 100 172
sweat loss (g) 820 291 397 1403
FBF (ml-100ml-1 min-1) 21.5 6.5 10.1 33.9
MAP (mm Hg) 80 9 68 96
FVC (mM00ml-1 min-1mm Hg-1) .28 .10 .11 .49
Vo2 (ml-min-1) 980 63 869 1107
Physiological data
The data obtained during HST showed a large variation among subjects. This can be 
seen in Fig. 1 for the 2 subjects with minimal and maximal increases in Tre during 
HST. In both cases Tre and HR hardly changed during the rest period, but increased 
at the commencement of exercise. The Tsk on the other hand started to increase at
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the moment the chamber was entered. The results for the end of HST are presented 
in Table 2.
First order correlations of the physiological variables with the individual parameters 
are presented in Table 3. To provide a better understanding of the relationships, r  
values are presented by classes based on significance level instead of actual 
numbers.
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Fig. 1 Time course of (a) rectal temperature (Tre), (b) skin temperature (Tsk) and (c) heart 
rate at rest and during exercise during the heat stress test for the two subjects with 
minimal and maximal change in Tre
Regression analysis
In addition to the individual parameters mentioned in Table 1, some other represen­
tations of these parameters were also tested in the regression analysis. This 
concerns in the main the test of possible nonlinear relationships between individual 
parameters and heat stress responses. Of these representations only one was found 
to give such nonlinear contributions which were higher than those of the linear 
representation: this was 1/Vo2max. This presentation of Vo2max will therefore also be 
used in the following presentation of results.
Rectal temperature
The final values for Tre showed a good correlation with a number of individual 
characteristics (Table 3). Two data points appeared to be outliers based on Cook's 
D-statistic and were omitted from the data set. With the remaining data set, a strong 
negative correlation of Tre was observed with Vo2max and body-size related parame­
ters (mass, lean body mass, surface area, volume; p < .0 0 1 ) but a strong positive 
correlation with the AD /mass ratio. A weaker correlation was present when Vo 2max 
was expressed per kilogram of body mass, and with ACTIV and sex. No correlation 
was present with fat% or skinfold thickness. These results are presented in Fig. 2.
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Once Vo2max or the reciprocal of Vo2max was introduced into the regression (Fig. 2 , 
step 1), the residual variance in Tre only correlated significantly with the surface to 
mass ratio. The best (= highest r 2adj) regression equation i ncluded (Vo2max) " 1and 
Ad /mass (r 2adj = 0.73; Table 4, Eq. 1). After inclusion of these two parameters, none 
of the others contributed significantly.
Table 3 First order correlations of individual characteristics with physiological variables, 
as measured at the end of the heat exposure. Correlation coefficients are represented in 
classes to provide a better understanding of the relationships: + + p < 0.001, r > 0.70; +
p<0.05, 0.70>r>0.40; (+) p<0.10, 0.40>r>0.30;___ p<0.001, r<-0.70; _  p<0.05, -0.70
<r<-0.40; (_) p < 0.10, -0.40 < r <-0.30. Sex: negative correlation means: men lower.
Vo2max Maximal oxygen uptake, Vo2max kg"1 maximal oxygen uptake per kilogram of body 
mass, Vo2max kg-1 ff maximal oxygen uptake per kilogram of fat free body mass. For other 
definitions see Tables 1 and 2
Tre Tsk S HR %HRmax Loss of 
mass
Loss of 
mass- m-2
MAP FBF FVC
VO2 max + ns ns ns ns
Vc2max-1 — — — — — ns ns ns ns (+)
VO2 max
kg-1 ff
— — — — — ns ns ns ns ns
%VO2max ++ ++ ++ ++ ++ — ns ns ns ns
(VO2max)-1 ++ ++ ++ ++ ++ — ns ns ns ns
ACTIVity
level
(-) ns (-) ns ns (+) + ns ns ns
Skinfolds ns ns ns ns ns ns ns + ns ns
Fat% ns + ns ns ns ns ns ns (-)
Mass ------ — ------ ------ — + ns ns ns ns
Lean
body
mass
+ ns + ns ns
Ad + ns + ns ns
Ad /mass ++ + + + — (-) — ns ns
Body
volume
------ — — — — + ns + ns ns
Sex — — — — — ns ns ns ns ns
Table 4 Regression coefficients for various physiological heat stress reactions with individual parameters. For definitions see Tables 1 and 2
equa­
tion nr.
indepen­
dent
variable
unit Inter­
cept
^ ° 2  max %Vo2max (Vo2max)-1 activity
level
Skin-
folds
Fat% Lean
body
mass
A d AD/mass Body
mass
*  adj
1 Tre °C 36.33 2.72 36.37 0.73
2 Tsk °C 37.11 -0.31 0.031 0.59
3 S Jg -1 1.33 12.0 0.76
4 S Jg -1 10.3 -0.17 0.03 -0.09 0.76
5 Sweat loss g -518 33. 16. 0.65
6 Sweat 
loss-nr2
g nr2 -31 17. 5. 0.36
7 HR beatmin -2'.14 1.99 2610. 0.71
8 HR beatmin 19d.2 -18.8 0.63
9 HR beatmin 137.3 146.1 -26.5 0.68
10 %HRmax % 68.6 0.92 -14.7 0.68
11 %HRmax % 38.3 98.8 0.64
12 MAP mm Hg 127.8 0.33 -1984 0.34
13 MAP mm Hg 58.4 1.92 0.335 0.37
cn
CO
Fixed 
load, humid 
heat
54 Chapter 3
Rectal Temperature Analysis
Fig. 2 Partial correlation coefficients of individual characteristics with rectal temperature 
as measured at the end of the heat exposure. Coefficients are presented for three stages 
of the regression analysis: step 0, first order correlation; step 1 , correlation after adjust­
ment of data for (VO2max)'1; step 2, correlation after additional adjustment of data with 
Ad /mass ratio. For definitions see Tables 1 and 2
Skin temperature
Skin temperature at the end of the exposure correlated well with VO2max (expressed 
in different units/definitions: absolute: r  = -0.67; per kilogram: r  = -0.59; inverse: r  = 
0.70; percentage of maximum: r  = 0.73), with adiposity (fat% r  = 0.55), anthropome­
try [body surface area (AD), r  = -0.57; body mass r  = -0.46], and sex (r = -0.50, men 
higher T sk). No significant correlation was present with skinfold thickness, activity 
level and A D /mass ratio. The best complete equation was formed when two parame­
ters were entered: fat% and VO2max r 2adj = 0.59; Table 4, Eq. 2). Alternative equations 
with a slightly lower amount of the variance explained included, instead of VO2max, 
%VO2max, (V O2max)-1 all combined with fat%. After inclusion of VO2max, sex effects 
became insignificant.
Body heat storage
The S (in joules per gram) was strongly correlated with VO2max [absolute (r = -0.85), 
percentage of maximum (r = 0.88), inverse of VO2max (r= 0.88)], anthropometry (body 
surface area (r = -0.76), mass (r = -0.71)), AD /mass (r = +0.65) and to a lesser 
degree with sex (r = -0.53, men lower S) and activity level (r = -0.37). Skinfolds and 
fat% were not significantly correlated to S.
Once VO2max in one of its forms was entered, none of the other parameters improved
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the prediction. The best equations include (Vo2max)-1 or ACTIV and lean body mass 
(LBM) (r2adj = 0.76, Table 4, Eqs. 3,4).
Sweat loss
Correlation of sweat loss was significant with aerobic power expressed as Vo2max (r = 
0.62), (Vo2max)-1 (r= -0.57),%Vo2max (r = -0.49), and with anthropometric data (BSA r  
= 0.78; LBM r  = 0.71; AD /mass r  = -0.65; mass r  = 0.76). No significant relationship 
was present with adiposity and sex. The best equation included ACTIV with either AD 
or mass (r2adj = 0.60, Table 4, Eq. 5).
With sweat loss expressed per metre squared of AD, Vo2max (r= 0.46), ( Vo2max )-1 (r = 
-0.44), Ad (r=  0.61), LBM (r = 0.54), AD /mass ratio (r = -0.52) and mass (r = 0.60) 
showed significant correlations. In this case the best equation included ACTIV and 
body mass ( r2adj = 0.36; Table 4, Eq. 6 ). In this case, mass could be replaced with 
Ad, or Ad /mass, with a slight reduction in r2.
Heart Rate Analysis
■■
I  1-0I 0.8
1 0.6
<25
b 0.4
0
1 0.2 <0 
Q_
Fig. 3 Partial correlation coefficients of individual characteristics with heart rate as 
measured at the end of the heat exposure. Coefficients are presented for three stages of 
the regression analysis: step 0. first order correlation; step 1 , correlation after adjustment 
of data for %Vo2max; step 2, correlation after additional adjustment of data with AD /mass 
ratio. For definitions see Tables 1 and 2
Heart rate
The final values for HR correlated well with measures of aerobic power (Vo2max r  =
-0.79; %Vo2max r=  0.79; (Vo2max)-1 r  = 0.79), anthropometry (mass, r  = -0.71; LBM, r  =
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-0.78; Ad, r=  -0.75; AD /mass, r  = 0.62) and sex (r = -0.48). The relations with ACTIV 
and adiposity were not significant. one subject was eliminated as an outlier, based 
on the Studentized residual. With many parameters having a comparable correlation, 
several equations for HR were obtained. The result of the following analysis is 
presented in Fig. 3, where %Vo2max is entered into the equation first in step 1 and 
Ad /mass in step 2, resulting in an equation with an r  2adj of 0.71 (Table 4, Eq. 7). 
Substitution of AD /mass with other anthropometric measures produced a comparable 
level of variance explained. Using other parameters for aerobic power resulted in 
equations with only Vo2max ( r2adj = 0.63) or with (Vo 2 ma>)-1 and A D ( r2adj = 0 .6 8 ; Table
4, Eqs. 8,9).
When HR was expressed relative to the individual's maximal HR, the best equations 
had a similar form, and similar amounts of variance explained to those for HR (Table
4, Eqs. 10,11). In this case, AD was the only parameter which contributed after 
%Vo2max was entered in the equation. The other anthropometric data were insignifi­
cant in that phase. Sex lost its effect on both HR and maximal percentage heart rate 
(%HRmax) once aerobic power in any form was entered into the equation.
Forearm blood flow
The FBF hardly showed any relationship with individual parameters. The correlations 
with fat% were almost significant (r = -0.33).
Mean arterial blood pressure
The MAP was not directly correlated with Vo2max, activity level and sex (Table 3), but 
showed a relationship with adiposity (skinfolds r  = 0.54), AD (r = 0.40), A D /mass (r = 
-0.58) and mass (r = 0.51). The best total equations included either fat% and 
Ad /mass (r2adj = 0.34) or ACTIV and skinfold thickness (r2adj = 0.37).
Forearm vascular conductance
The FVC was related to adiposity (fat% r  = -0.42) and (weakly) to Vo2max; the latter 
only when expressed per kilogram of body mass (r = 0.33). As the total explained 
variance did not go above 18%, no equations are presented.
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3.4 Discussion
3.4.1 Methodology 
Fixed versus relative workload
In the present study the subjects exercised at a fixed intensity which differs from 
most other studies where relative loads (equal percentage of Vo2max) have been 
used (Havenith and van Middendorp 1990; Pandolf et al., 1988). This choice was 
made as the aim of the study was to determine relative influences of different 
individual parameters. If a relative work load were to have been chosen, according to 
Astrand (1960) and Saltin and Hermansen (1966), the reactions of body core 
temperature for all subjects should have been equal for all subjects, or at least 
independent of their Vo2 max. Thus it would not be possible to weigh the importance of 
Vo2max in relation to other individual characteristics for the subjects' heat stress 
response.
Sex
Women were included among the subjects with the idea that sex differences in 
thermoregulation during exercise could be attributed to personal characteristics other 
than sex. This assumption was based on studies where sex effects were absent due 
to matching of groups of men and women for their body size and Vo2max (Avellini and 
Kamon 1980; Frye and Kamon 1981; Frye et al., 1982), or where the sex effect in 
unmatched groups could be fully explained by differences in Vo2max, body fat content 
and Ad (Havenith and van Middendorp 1990). The correctness of this assumption 
was confirmed by the data from this experiment: once data were adjusted for Vo2max 
differences, all sex differences in the results disappeared. Thus, the addition of 
women to the group of subjects was only relevant to cover a wider span in some of 
the individual characteristics such as body fat% and Vo2max.
3.4.2 Relative importance of parameters
The relative contributions of parameters can be evaluated from their regression 
coefficients. However, as variance and units differ for each parameter and depend­
ent variable, estimation of the effect of a parameter on a dependent variable is 
difficult when only looking at the regression coefficient. A different way of presenting 
relative influences has been presented by Havenith and van Middendorp (1990), who 
used the standardized regression coefficients to express the relative contributions of 
individual parameters to the individuals’ heat strain. The value of the standardized 
regression coefficient is the change in the dependent variable (e.g. Tre, HR) ex­
pressed in units of its standard deviation, when the independent parameter changes
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by 1 standard deviation. With this method, the afore-mentioned problems with 
ranges and units are solved. Using the standardized regression coefficients, the 
relative contribution of the different parameters to the explained variance was 
calculated as (see also chapter 1):
contribution to r 2
[ standardized regression coefficient for parameter\ r2 
| a il standardized regression coefficients in equation]
The results of this calculation are presented in the pie-charts of Fig. 4, separating 
unexplained variance in the data from the relative contributions by the different 
parameters. The separate pie charts in Fig. 4 relate to the equations in Table 4.
-a- -b- -c- -d-
rectal temperature rectal temperature rectal temperature skin temperature
% V 02max (+) l/vc t.m axw  VO,rnax(-)
; V 02max (+)
unexpl.
AJm ass (+) AJmass (+) unexpl,
-e- -f- -g-
skin temperature skin temperature heat storage
-h-
sweat loss
^ V p 2max(-) J -) a j u(+)_
,at% (ai% ¿ f j j i t f N A C T i v  w
mwÊn A  c + >
HW"
43 /  ' t& M l
"Ijnexpl. % lat unexpl.
sweat loss 
weight (+)
sweat loss/ms 
weight (+)
^ACTIV (+) f  ACTIV {+)
unexpl.
heart rate
1 A /O jm a x(+ )
unexpl.
heart rate
%V02max {+)
unexpl. \  20
AJm ass (+,
-m- -n-
% of max. heart rate MAP
%VO:max {+) skintolds (-Q
Lineai.
Fig. 4 Sensitivity of physiological variables as measured at the end of the heat exposure 
for influences of parameters describing interindividual differences. Each pie segment 
represents the relative influence of a certain parameter on the total variance explained 
with the number in the segment representing its size as a percentage. Unexpl. = Amount 
of unexplained variance. LBM = Lean body mass, other definitions see Tables 1 and 2
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3.4.3 Heat strain
When we look at the relative contribution of the individual differences to the re­
sponses of Tre, Tsk, and S, it would appear that parameters related to aerobic power 
(Vo2max, (Vo2max)-1, %Vo2max) make the major contributions to the variance.
Rectal temperature
For Tre, Vo2max in the three forms presented (Fig. 4 a,b,c) explained roughly 50% of 
the variance. Body size related parameters and more specific AD /mass, contributed 
18%-25%, which is less than half of the Vo2max contribution. These results thus were 
only partially in accordance with the commonly accepted statement that Tre increases 
relative to the exercise intensity expressed as a percentage of Vo2 max(Astrand 1960; 
Saltin and Hermansen 1966). It was observed that a lot of variance in Tre remained, 
not attributable to this parameter. Part of this variance was explained by the subjects’ 
Ad /mass relationship with big subjects ( = high AD, low AD /mass) having a lower Tre 
(even after correction of Tre data for differences in aerobic power). The latter can be 
explained by the higher AD for heat loss of big subjects and their higher heat storage 
capacity, while the heat load was equal for all subjects. In an earlier experiment, 
Havenith and van Middendorp (1990), using loads relative to the individual's Vo2max, 
have found the same positive correlation between AD /mass ratio (and a negative with 
Ad) and core temperature not only for a warm-humid, but also for a neutral and a 
hot-dry climate. The positive correlation was highest in the warm-humid climate, 
however, implying that big subjects have the most marked advantage in the warm­
humid climate, whether their exercise intensity is fixed or relative to their Vo2max. The 
literature which has suggested an advantage of a high AD /mass for heat stress 
response (Havenith 1985), is thus contrary to the present observations. In studies 
where this advantage has been observed, possibly AD /mass and fat% interact, e.g. 
when people with the same mass have different AD /mass ratios due to different fat 
contents (men compared to women, Shapiro et al., 1980).
Skin temperature
For Tsk, more variance remained unexplained (41%) (Fig. 4 d,e,f). The main parame­
ter was once more Vo2max (34% contribution). An additional parameter which 
contributed about 24% was fat%. Part of the effect of aerobic power could also be 
explained by AD, which gave contributions for %Vo2max (14%), AD (16%) and fat% 
(32%) (Fig. 4d). Thus, in other words, Tsk was lower with increasing aerobic power, 
higher with increasing adiposity and lower with increasing AD. These parameters 
most likely acted through the sweating system: high aerobic power implying partial 
acclimation (Havenith 1985; Kenney and Havenith 1993) and thus improved sweat­
ing and skin cooling. It has been found that the effect of high fat% may not be due to 
the insulating effect of body fat as this layer is well transfused with blood and thus
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does not form a heat resistance in heat exposures (Burse 1979). Also if fat were to 
influence Tsk through its insulative effect, a significant effect of skinfold thickness (the 
actual thickness of insulation) would be expected. This was not observed. It is 
thought that it is more likely to represent also a relationship with general fitness and 
thus with partial heat acclimation (Pandolf et al., 1988). The AD, having a negative 
effect on T sk represented the heat loss capacity of the body.
Heat Storage
The findings for the effects of individual parameters on S were similar to those of Tre 
and Tsk combined. Again aerobic power was an important factor (Table 3, Eq. 3). 
Another combination of parameters which gave a good prediction was formed by 
LBM, fat% and regular activity level (Fig. 4 g). The similar importance of both aerobic 
power and LBM in the separate equations could be attributed to their mutual 
relationship. Subjects with a high LBM had a higher muscle mass and thus on 
average a higher Vo2max than subjects with a low LBM. Thus with the fixed exercise 
intensity used, LBM and %Vo2max were correlated.
The effect of adiposity was smaller than would have been expected when looking at 
studies from Burse (1979), Buskirk (1971) and Haymes et al., (1975) who have found 
a clear adverse effect of adiposity. However, the subjects in their studies were not 
matched for aerobic power, which meant that the fatter subjects in general were less 
fit. In the present study, though the subjects were not matched, the variance due to 
aerobic power was taken into consideration, thus resulting in a better separation of 
the effect of adiposity from the aerobic power effect. The effect of adiposity remained 
significant however, with fatter subjects having a higher increase in body heat 
content.
3.4.4 Heat loss 
Sweat loss
For evaporative heat loss, though very limited in this climate, the subjects' loss of 
mass over the session could be regarded as an effector response. In general it has 
been stated that loss of mass (i.e. sweat rate) is related to absolute heat production 
or absolute exercise intensity (Drinkwater and Horvath 1979). In the present experi­
ment, though the exercise intensity was equal for all subjects, loss of mass was not 
equal for all of them at all (range 397-1403 g). Total loss of body mass was found to 
be positively related to body size (AD or mass), Vo2max and regular activity level 
(Table 3; Fig. 4 h,i). With loss of mass expressed per unit of AD, the amount of 
variance explained was reduced (Fig. 4j). This was due to the (partial) correction for 
body size. The parameters in the prediction are the same however, with ACTIV
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maintaining a similar contribution and a reduced but still significant contribution of 
body size. The fact that the regular activity level played an important role, as did 
Vo2max(Table 3), reflected the effect of training on the individual's acclimation status. 
The latter was improved by training and thereby sweating response improved too 
(Henane et al., 1977; Avellini et al., 1982). The difference between ACTIV and 
Vo2max, in its effect on sweat loss as has been shown, may reflect the difference 
between achieved fitness and genetic fitness (Slattery and Jacobs 1987; Sobolski et 
al., 1988).
The overall conclusion concerning sweating was that big, fit subjects sweated more 
than the lean and/or unfit subjects and that they did this at a lower core temperature.
3.4.5 Circulatory responses 
Heart rate
In the equations for HR, aerobic power expressed as (Vo2max)-1 or %Vo2max explained 
50% of the variance (Fig. 4 k,l,m). The AD or AD /mass, took care of the other 20%. 
For HR expressed as percentage of the individual's maximum, results were almost 
identical. This reflected the finding that the individual's HRmax was not related to the 
parameters used in the equation. Thus HR and %HRmax have equal information 
content in the present subject group. This was found to be different in a previous 
study by Havenith et al., (1993, 1995). There, however, a large variation in age was 
included in the group. Then, the resulting effect of age on HRmax resulted in a 
discrepancy between the effects of individual parameters on HR and on %HRmax.
The effect of Vo2max on HR contained two underlying effects: firstly, as the exercise 
intensity was fixed, the value for Vo2max determined the relative load of the subjects. 
A high Vo2max implied a high stroke volume and also a low relative load and therefore 
a small increase in HR to provide the muscles with oxygen. This would have been 
the major part of the Vo2max contribution. Secondly, Vo2max affected the change in HR 
which was due to the additional external heat load. As mentioned before, fitter 
subjects in general have more efficient sweating systems. Through this, they also 
have more efficient skin cooling and thus increase the efficiency of heat removal 
from core to skin by the skin blood flow. Thus the increase in HR needed is smaller. 
The effect of AD on HR has been shown to work in a similar manner: a higher AD 
provides more heat loss surface, resulting in improved cooling and thus more 
efficient heat removal from core to skin (McArdle et al., 1984).
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FBF, MAP, FVC
The amount of variance explained for FBF, MAP and FVC was quite low ( < 36%), 
which is similar to observations in other experiments (Havenith and van Middendorp 
1990). The general finding for these variables was that adiposity had a negative 
effect on FBF and FVC and a positive effect on MAP (Fig. 4 n). The relationship 
between FBF and adiposity has previously been investigated by Vroman et al., 
(1983), who have found a similar negative relationship. The two groups they have 
compared were not identical with respect to their Vo2max however, whether expressed 
per kilogram of total body mass or of fat free body mass. In the present data, MAP 
was related to body size (AD, mass, AD /mass). Thus, the bigger and fatter the 
subject, the lower the FVC and the higher the MAP. The Vo2max did not have a 
significant effect, but activity level had a secondary effect on MAP. The more active 
the subject, the higher the MAP. Considering the levels of MAP reached at the end of 
the exposure (mean 80 mmHg), this could be interpreted as the ability of active 
subjects to prevent diastolic blood pressure from falling too low.
3.4.6 Skinfolds versus fat%
In the present study adiposity was defined as total body fat% as determined by under 
water weighing and as the thickness of four skinfolds. This separation was made to 
test whether sub-cutaneous fat (skinfolds) affects thermoregulation through its 
insulative properties or whether thermoregulation is affected more by total body fat 
as a passive body mass with a lower than average specific heat. Table 3 shows that 
skinfold thickness only affected MAP as a first order effect, whereas, fat% affected 
Tsk and FVC. Thus, there was no evidence that the thickness of the subcutaneous fat 
layer affected heat loss because in that case the relationship of skinfold thickness 
with Tsk would have been stronger than that of fat%.
3.4.7 Non-linear effects of Vo2max
With %Vo2max in general being a good predictor for body temperature, the question 
was posed whether this was really due to the information given by the relative 
exercise intensity, or whether this may have been due in part to the non-linear 
presentation of maximal aerobic capacity in that case. In the first case, % Vo2max 
should have been a better predictor than (Vo2max)-1, in the second this should have 
been the reverse or similar. It was found that in most cases (Vo2max)-1 was an even 
better predictor than Vo2max or %Vo2max for the present data with the fixed exercise 
intensity. This further would seem to suggest that the effect of improvements in 
aerobic power on heat strain is strongest when Vo2max is low, and that the reductions 
in heat strain get smaller as Vo2max becomes higher.
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In summary, the technique of stepwise multiple regression was used to determine 
the relative importance of a number of individual characteristics for human responses 
to heat stress. The major conclusion was that for the conditions used (equal exercise 
intensity, warm humid climate) the subjects' aerobic power was the major contributor. 
Body size related parameters contributed also, be it with about half the effect of 
Vo2max The subjects with a high AD for cooling showed the lowest heat strain. The 
widely accepted concept that body core temperature is determined almost com­
pletely by exercise intensity expressed as %Vo2max and sweat loss by absolute 
exercise intensity, was only supported in part by the results for comparisons among 
subjects. For both variables, other individual characteristics were also shown to 
contribute substantially.
References
Akers RF, Buskirk ER (1969) An underwater weighing system utilizing "force cube" transducers. J Appl 
Physiol 26:649-652
Anderson RK, Kenney WL (1987) Effect of age on heat-activated sweat gland density and flow during 
exercise in dry heat. J Appl Physiol 63:1089-1094 
Astrand I (1960) Aerobic work capacity in men and women with special reference to age. Acta Physiol 
Scand 49 [Suppl 169:1-92 
Avellini BA, Kamon E (1980) Physiological responses of physically fit men and women to acclimatiza­
tion to humid heat. J Appl Physiol 49:254-261 
Avellini BA, Shapiro Y, Fortney SM, Wenger CB, Pandolf KB (1982) Effects on heat tolerance of 
physical training in water and on land. J Appl Physiol 53:1291-1298 
Burse RL (1979) Sex differences in human thermoregulatory response to heat and cold stress. Hum. 
Factors 21:687-699
Buskirk ER (1971) The physiological basis of rehabilitation. Saunders, Philadelphia 
Drinkwater BL, Horvath SM (1979) Heat tolerance and aging. Med Sci Sports 11:49-55 
DuBois D, DuBois EF (1916) Clinical calorimetry: a formula to estimate the appropriate surface area if 
height and weight be known. Arch Int Med 17:863-871 
Durnin JVGA, Womersly J (1974) Body fat assessed from total body density and its estimation from 
skinfold thickness: measurements on 481 men and women aged 16 to 72 years. Br J Nutr 
32:77-97
Frye AJ, Kamon E (1981) Responses to dry heat of men and women with sim ilar aerobic capacities. J 
Appl Physiol 50:65 70
Frye AJ, Kamon E, Webb M (1982) Responses of menstrual women, amenorrheal women and men to 
exercise in a hot, dry environment. Eur J Appl Physiol 48:279-288 
Gagge AP (1973) Rational temperature indices of man's thermal environment and their use with a 
2-node model of his temperature regulation. Fed Proc 32:1572-1582 
Givoni B, Goldman RF (1973) Predicting effects of heat acclimatization on heart rate and rectal 
temperature. J Appl Physiol 35:875-879 
Havenith G (1985) Individual parameters in thermoregulatory control; a review. Institute for Perception, 
Soesterberg, NL Report no. IZF 1985-26 
Havenith G, van Middendorp H (1990) The relative influence of physical fitness, acclimation state, 
anthropometric measures and gender on individual reactions to heat stress. Eur J Appl Physiol 
61:419-427
64 Chapter 3
Havenith G, Inoue Y, Luttikholt VGM, Kenney WL (1993) Combined effect of age and Vo2max on body 
temperature during work in a warm, humid climate in a heterogeneous subject population. 
Proceedings of Thermal Physiology Symposium, IUPS, Glasgow 
Havenith G, Inoue Y, Luttikholt VGM, Kenney WL (1995) Age predicts cardiovascular, but not 
thermoregulatory, responses to humid heat stress. Eur J Appl Physiol 70:88-96 
Haymes E, McCormick R, Buskirk E (1975) Heat tolerance of exercising lean and obese prepubertal 
boys. J Appl Physiol 39:457-461 
Henane R, Flandrois R, Charbonnier JP (1977) Increases in sweating sensitivity by endurance 
conditioning in man.J Appl Physiol 43:822-828 
ISo (1982) Hot environments, heat stress estimation for working humans based on WBGT. Interna­
tional Standard organization, Geneva, Report no. 7243 
ISo (1989) Hot environments, analytical determination and interpretation of thermal stress using 
calculation of required sweat rate. International Standard organization, Geneva, Report no. 7933 
Kenney WL (1985) A review of comparative responses of men and women to heat stress. Environ Res 
37:1-11
Kenney WL (1988) Control of heat-induced vasodilation in relation to age. Eur J Appl Physiol 57:120­
125
Kenney WL, Havenith G (1993) Heat stress and age: skin blood flow and body temperature. J Therm 
Biol 18:341-344
Lotens WA (1993) Heat transfer from humans wearing clothing. Thesis, Technical University, Delft 
McArdle WD, Magel JR, Gergley TG, Spina RJ, Toner MM (1984) Thermal adjustment to cold water in 
resting men and women. J Appl Physiol 56:1565-1571 
Pandolf KB, Cadarette BS, Sawka MN, Young AJ, Francesconi RP, Gonzalez RR (1988) Thermoregu­
latory responses of middle-aged and young men during dry-heat acclimation. J Appl Physiol 
65:65-71
Ross AM, Jackson AS (1990) Exercise concepts, calculations and computer applications Benchmark 
Press, Carmel
Saltin B, Hermansen L (1966) Esophageal, rectal and muscle temperature during exercise. J Appl 
Physiol 21:1757-1762
Shapiro Y, Pandolf KB, Avellini BA, Pimental NA, Goldman RF (1980) Physiological responses of men 
and women to humid and dry heat. J Appl Physiol 49:1-8 
Slattery ML, Jacobs DR (1987) The inter-relationships of physical activity, physical fitness, and body 
measurements. Med Sci Sports Exerc 19:564-569 
Sobolski JC, Kolesar JJ, Kornitzer MD, De Backer GG, Mikes Z, Dramaix MM, Degre SG, Denolin HF 
(1988) Physical fitness does not reflect activity patterns in middle-aged workers, Med Sci Sports 
Exerc 20:6-13
Vroman NB, Buskirk ER, Hodgson JL (1983) Cardiac output and skin blood flow in lean and obese 
individuals during exercise in the heat. J Appl Physiol 55:69-74 
Wenzel HG, Mehnert C, Schwarzemau P (1989) Evaluation of tolerance limits for humans under heat 
stress and the problems involved. Scand J Work Environ Health [Suppl. 1] 15:7-14 
Whitney RJ (1953) The measurement of volume changes in human limbs. J Physiol (Lond) 121:1-27 
Wilkinson L (1990) SYSTAT: the system for statistics. Systat, Evanston, II
The influence of individual 
characteristics on physiological 
response during relative load 
exercise in different climates

Relative work loads 67
Chapter 4
The influence of individual characteristics on 
physiological response during relative load 
exercise in different climates
George Havenith ■ Henk van Middendorp
Adapted from:
European Journal of Applied Physiology, 61:419-427, 1990
Summary. An experiment was set up to determine the effect of individual characteristics 
on the response to relative work loads over several climates. The studied individual 
characteristics were gender, Vo2max, body mass, body surface area (AD, body fat 
percentage (%fat) and daily activity level (ACTIV). For this purpose, 12 male and 12 
female subjects were exposed to a neutral [ambient temperature (Ta) 21 °C, relative 
humidity (r.h.) 50%)], a warm, humid (Ta 35°C, r.h. 80%) and a hot, dry (Ta 45°C, r.h. 20%) 
climate. The tests consisted of three subsequent 30 min. periods, starting with rest and 
followed by two exercise intensities (25%, and 45% maximal o2 intake (Vo2max)). Subjects 
were seated seminude in a net chair behind a cycle ergometer. Their physiological 
responses were recorded and the data obtained at the end of the exposure were statisti­
cally analysed. The mean responses for rectal temperature (Tre), body heat storage 
(Store) and heart rate (HR), as determined at the end of the 45% load phase, were 
submitted to a multiple regression analysis. Mass and ACTIV were shown to contribute to 
the variance in the responses of Tre and Store. As an interaction between climate type and 
individual characteristics may exist, the impact of individual characteristics on the 
physiological responses may be different for the different climates. This was studied by an 
analyses of the differences in responses between climates. This analyses revealed 
significant effects of individual characteristics on the differences in responses between 
climates. Vo2max, %fat and ACTIV had significant effects in several comparisons. Gender 
showed a trend of an effect (0.07 < p < 0.10). Thereby a significant interaction between 
climate and individual characteristics was demonstrated. This interaction will be studied in 
more detail in Chapter 5.
In the multiple regression analyses of these “difference” data, Vo2max, %fat, ACTIV, and 
body mass were found to be relevant parameters. Gender lost its influence once data 
were corrected for Vo2 max or %fat.
Key words: Heat strain - Heat stress - Individual response - Work- Climate
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4.1 Introduction
A problem in the prediction of heat stress/strain has always been the large inter­
individual variability in the heat stress response. Models for heat stress/strain 
predictions (Stolwijk 1971; Gagge 1973; Givoni and Goldman 1973a, b; ISo 1982, 
1988) are therefore limited to prediction of the average population response, which 
may involve risks for individuals at the extremes of population distribution (Wenzel et 
al., 1989). Several reviews (Havenith 1985; Kenney 1985) have summarized the 
parameters which are relevant to these individual differences, e.g. physical fitness, 
acclimatization, hydration state, drug and alcohol use, hypertension, gender, 
anthropometric data and age. Several of these parameters have been studied but 
usually only one at a time. Some studies matched subjects for one parameter, while 
investigating another (Frye and Kamon 1981). The present study has aimed at the 
simultaneous study of several parameters (fitness, acclimatization status, gender 
and anthropometric data), to determine their influences on the heat stress response 
of an individual subject. The variables which are most interesting in relation to heat 
strain prediction are body heat storage (STORE), heart rate (HR) and body core 
temperature (rectal, Tre), as their values are often used in setting limits for heat 
exposure (ISo 1982, 1988).
In this chapter two main questions will be dealt with. The first is, notwithstanding 
possible interactions between climate and individual characteristics, what individual 
parameters determine who has the lowest core temperature, heat storage and heart 
rate averaged over a cool, a warm humid and a hot dry climate. Considering the data 
presented in chapter 1 (section 1 .2 .1 ), an interaction between climate and individual 
parameters is expected for their effect on physiological responses. The second 
question therefore is whether in comparing the physiological responses to exercise in 
different climates, there is a statistically significant interaction of the individual 
characteristics with these responses.
4.2 Methods
Subjects.
Twenty-four subjects were selected for the test, 12 males and 12 females. They were 
informed of the test procedures and risks, after which they gave signed informed 
consent. The groups of males and females were balanced regarding their fitness, 
expressed in maximal oxygen uptake (Vo2max, m lm in-1kg fatfree body mass -1: group 
averages, males 55.4 mlmin-1-kg -1, females 53.5 mlmin kg Their fitness was 
determined by extrapolation of the results of an incremental exercise test at sub­
maximal levels of intensity (Astrand and Rodahl 1986). Body surface area (AD) was 
determined by standard methods (DuBois and DuBois 1916) and percentage of body
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fat was determined by measuring the skinfold thicknesses (Durnin and Womersley 
1974).
Experimental protocol
This included three tests on each subject: a control test in a cool environment (Co: 
Ta 21°C, r.h. 50% and two heat stress tests in climates with similar cooling power 
(wet bulb globe temperature, WBGT). one heat stress test was performed in a warm 
humid climate (WH: Ta 35°C, r.h. 80%, WBGT 31.9°C), the other in a hot dry climate 
(HD: Ta 45°C, r.h. 20%, WBGT 31.4°C). The tests were performed on separate days, 
with 1 or 2 days in between, to avoid changes in acclimatization status. The order of 
the tests was balanced over the subjects to avoid sequence effects. Each of the 
three tests was identical except for the climate. The subjects were dressed in shoes, 
shorts and in addition the females wore bras. During the test the subject was seated 
in a wire chair behind an electronically controlled cycle ergometer (modified Monark, 
Monark-Crescent AB, Varburg, Sweden) in a reclining position. The test was split up 
into three periods of 30 min each. In the first period the subjects rested in the chair, 
in the second they cycled with an exercise intensity chosen to demand an oxygen 
uptake of 25%Vo2max (warm-up fase) and in the third, final load, period they worked
at 4 5%Vo2max.
oxygen uptake was measured with a custom built closed circuit oxygen system, 
using a polarographic oxygen analyser (Servomex). The ECG was monitored 
continuously, from which HR was deduced and recorded. Body core temperatures 
were recorded by a rectal probe, inserted to 1 2  cm beyond the anal sphincter 
(YSI700 linear thermistor) and by a thermocouple, inserted in the oesophagus to the 
level of the right atrium (about 37-40 cm from the nose).
Average skin temperature (Tsk) was calculated from seven separate measurements, 
weighted for the surface area they represented:
T  = 0 07 (T  w+ T  ) + 0 1 7 5 T  ,+ T  )  +' sk ' head upperarm/ ' chest back
0 1 2  Tlowerarm + 0 1 9  Tupperleg + 0 2 0  Tlowerleg ( C)
Heat storage (STORE) was calculated by a weighted sum of Tre and Tsk deviations 
from fixed values of 37° and 33°C, respectively:
s t o r e  = 3.48[0.8(Tre-37) + 0 .2 (Tsk-33)] (J- g 1)
where 3.48 = heat capacity of body tissue (Jg"1 °C"1).
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Systolic, diastolic and mean blood pressure were monitored using a finger cuff 
connected to a "Fin. A. Press", a continuous plethysmographic blood pressure 
registration technique (Settels and Wesseling 1985). The finger on which the 
pressure was measured was kept at the heart level.
The whole set up was mounted on a scale, which determined changes in mass of the 
cycling subject with an accuracy of 10 g. Sweat dripping off the subject was collected 
in a basin filled with paraffin oil, from which it could not evaporate, mounted on the 
scale underneath the subject. All changes in body mass except the metabolic 
components, could therefore be attributed to sweat actually evaporated from the 
subject. The subjects replenished all fluid losses during the experiment with water at 
Ta to avoid dehydration effects. The effect of the body temperature-water tempera­
ture difference on body heat storage was negligible. All measurements of body mass 
were corrected for the water uptake.
The subjects' habitual physical activity was recorded using a questionnaire, 
describing their participation in exercise programmes, etc. (Ross and Jackson 1990). 
Activity level (ACTIV) was scored on a 7-point scale, ranging from "avoid walking or 
exertion" to "run over 10 miles each week or exercise over 3 h each week". Gender 
was coded as 0 for males and 1 for females.
Statistical analysis.
All data, except the blood flow measurements were averaged over 1 min and 
recorded by a PDP-11/03 and 11/ 23 computer system. For the analysis the values 
at the end of the total exposure (end of 45% load) were used, as these usually 
approached steady-state values. For the study of the relative influence of the 
individual parameters the technique of regression analysis was used. The statistical 
analysis was done using the statistical software package "SYSTAT".
Distributions of data were tested for normality using probability plots and skewness 
and kurtosis calculations. The multiple regression analysis with individual character­
istics as independent parameters was performed on the average responses for each 
person over all climates. This should answer which characteristics determine who 
has the lowest or highest response (Tre, HR and Store) over all climates tested, 
without considering possible interactions.
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Table 1 Ranges of the variables as observed at the end of the 45% load phase.
Abbreviation Minimum Maximum Mean SD
age 19 27 23 2.4
body mass (kg) 54.95 85.87 70.6 8.0
Height (m) 1.59 1.93 1.78 0.09
Body surface area (m2) Ad 1.56 2.12 1.88 0.14
body fat (%) %fat 12.6 36.6 23.0 7.5
maximal oxygen uptake (l-min-1) 
maximal oxygen uptake per kg
VO2 max 2.05 4.05 2.96 0.56
fatfree body weight 
(ml-min'1-kg'1 fatfree)
VO2 max ff 41.21 64.46 54.4 6.1
sweating setpoint (°C) setpoint 36.61 38.48 37.6 0.5
sweating gain (g h 'n °C-1) gain 234 1199 583 266
rectal temperature (°C) Tre 36.9 38.8 38.0 0.4
oesophageal temperature (°C) Toes 37.2 39.7 38.0 0.5
average skin temperature (°C) Tsk 27.5 39.2 34.3 3.7
body heat storage (J-g"1) Store -2.9 9.1 2.6 3.1
heart rate (min-1) HR 95 161 134 16
oxygen uptake (l-min"1) 2O2
>
0.750 1.800 1.33 0.27
metabolic rate (kW) Metab 0.258 0.612 0.46 0.09
systolic blood pressure (mm HG) Syst 74 240 130 28
diastolic blood pressure 
(mm HG)
Diast 39 124 63 16
mean blood pressure (mm HG) MAP 53 157 83 18
forearm blood flow  
(m M 00m r1-min'1)
FBF 0.8 33.0 10.3 7.2
sweat rate (g*hr_1) sweat 40 1248 500 267
In order to study the presence of an interaction between individual characteristics 
and climate, for each of the three responses studied (Tre, HR and Store), the 
differences in response between climates were calculated:
ResponseHD  ^CO = ResponseHD - ResponseCO 
ResponseWH _ CO = ResponseWH - ResponseCO 
ResponseHD  ^ WH = ResponseHD - ResponseWH
These responses then were analysed in a regression analyses with the response 
differences as dependent variable, and the individual characteristics (AD, VO2max,
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Vo2maxkg-1, %Vo2max, gender, mass, %fat, ACTIV) as independent parameters. The 
analysis was performed in an interactive, stepwise manner. The order in which 
parameters were entered in the equation was determined by the level of their partial 
correlations with the residual variance in the data. The residual variance and the 
partial correlation coefficients were recalculated after the introduction of each new 
parameter. When the partial correlation coefficients were similar for more than one 
parameter, the parameter which was easiest to measure was selected first. A 
significance level of 0.1 for the partial correlation of a parameter with the response 
was considered as a limit for consideration of its introduction in the equation as 
showing a tendency of an effect. Actual significance for p-values was defined at the 
level of 0.05. The r 2 values presented are all adjusted r 2 values.
If individual parameters are shown to contribute significantly to the explanation of the 
variance in these response differences between climates, the conclusion is that there 
exists an interaction between climate and individual characteristics. If not, the 
climatic parameters apparently determine the differences between conditions.
4.3 Results
The observed ranges of the anthropometric and functional data of the subjects, as 
well as of the measured variables in the experiment are presented in Table 1.
Table 2 Regression coefficients (RC) and constants (with standard error SE) for the 
analysis of the responses averaged over climates for each subject, and the explained 
variance (adjusted r 2 ) and significances. Significance of separate parameters: mass: 
p<0.05; ACTIV: p<0.1.
response constant
RC SE
mass
RC SE
ACTIV
RC SE
r  2 P
Tre 38.76 0.32 -0.013 0.004 0.024 0.014 0.33 0.01
STORE 5.7 1.2 -0.046 0.018 0.10 0.06 0.30 0.02
HR - - - - - - - n.s.
The results of the multiple regression analyses for the reaction of T re, SToRE and 
HR (averaged over climates), are presented in Table 2. For both Tre and STORE a 
significant regression equation was obtained with body mass and regular activity 
level as relevant individual characteristics. Total explained variance for the two 
equations ranged around 30 to 33%. For the average of the final HR, no relation with 
individual parameters was observed.
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The partial correlation coefficient results for the analysis of the relation between the 
differences in responses between climates for T re, SToRE and HR on the one hand 
and individual characteristics on the other, are presented in Table 3. The results 
clearly show a correlation between the difference in responses between climates and 
individual characteristics. Mainly Vo2max, body fat percentage, and the regular activity 
level are related to the difference in response between climates. When these 
relations are studied by multiple regression several equations result, which are 
presented in Table 4. For T re, in the WH - Co comparison two different equations are 
presented.
Table 3 Overview of individual parameters which have an impact (based on the Pearson 
correlation coefficient) on the differences in responses between the three used climate 
types and individual characteristics. Only responses with a significance level below 0.1 are 
shown. Significant r values are marked by a *.
response difference number relevant r P
between of individual
condition cases parameter
HD - CO 24 - - -
WH - CO 24 VO2 max 0.55* 0.01
T %fat -0.55* 0.01T re ACTIV 0.44* 0.03
gender -0.34 0.10
HD - WH 24 VO2 max -0.37 0.07
HD - CO 24 VO2 max -0.43* 0.04
WH - CO 24 ACTIV 0.40* 0.05
STORE
HD - WH 24 VO2 max -0.48* 0.02
%fat 0.37 0.08
ACTIV -0.37 0.08
HD - CO 24 - - -
WH - CO 24 %fat -0.47* 0.02
HR VO2 max 0.36 0.09
gender -0.37 0.07
HD - WH 24 - - -
4.4 Discussion
In a previous paper (Havenith and van Middendorp, 1990) the data from this study 
were analysed by multiple regression analyses, using the individual data points from 
all three climates as a basis. These data were used to answer the question which
Table 4 Overview of constant and regression coefficients (and their standard error) and adjusted r  values 
for the multiple regression analysis of the effect of individual characteristics on the differences in 
physiological response between different climates._________________________________________________
difference
between
condition
constant
RC SE
Vo
RC SE
2max%fat
RC SE
ACTIV
RC SE
mass
RC SE
r 2 P
O01oX - - n.s.
Tre
WH - CO 
HD -W H
0.39
0.73
0.43
0.17
0.41 0.09
-0.021 0.006 0.05 0.02
-0.017 0.007 0.42
0.42
0.001
0.001
n.s.
OO1oX 9.6 0.9 -0.71 0.31 0.16 0.04
STORE WH - CO 4.9 0.4 0.17 0.08 0.14 0.05
HD - WH 5.7 1.5 -1.28 0.49 0.20 0.02
OO1oX - - n.s.
HR WH - CO 
HD - WH
35 5 -0.47 0.19 0.19 0.02
n.s.
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individual parameters contributed to the explanation of heat stress response, after 
the data were first corrected for the influence of the climate and the work rate. As 
however the same subjects were used in all three conditions, which would have been 
the proper approach for the analyses of variance with subject as a parameter, and 
which is a common approach found in literature, this creates a problem for regres­
sion analyses. The data points for each subject, though obtained in different 
experiments, cannot be regarded as independent. Though this does not affect the 
correlation values or the r  2 values, nor the regression coefficients as they were 
presented, and though it has only a minor effect on adjusted r 2 values, the calcula­
tion of the significance (p) of equations in that study must be regarded as suspect as 
the n-value (number of points) for its calculation is incorrect. As there is no correction 
for this effect available (e.g. similar to the Bonferroni approach in multiple T-tests or 
correlations), we reanalysed the data using the averages of the responses over the 
climatic conditions. Thus this analyses, similar to the old one, looks at the relation 
between individual characteristics and physiological responses over various climates 
combined. The difference is the lower power due to the reduction of the number of 
data points to 24.
The results of these analyses (Table 2) show that for Tre and STORE individual 
parameters do play a role. Body mass and daily activity level (ACTIV) both contribute 
with mass being the major contributor. Earlier work by Astrand (1960) and Saltin and 
Hermansen (1966) suggested that the increase in core temperature during work is 
defined by the relative work rate, i.e. the percentage of the maximal work rate or 
oxygen consumption. Climate and other personal characteristics should show only a 
minor influence. As the core temperature is the major contributor to heat storage, 
similar reasoning should be applicable to the effect of relative work rate on heat 
storage. However, even though relative work loads were used, for both variables 
effects of other parameters were observed in the present study. Subjects with a high 
mass had the lowest core temperatures and heat storages, whereas those with the 
highest daily activity levels had the highest. For both effects together, the total 
explained variance is only about one third of the total variance however.
Though the results above provide some information e.g. when one has to select a 
subject (worker, military) for a task which may have to be performed in a wide variety 
of climates, one can expect, based on the discussion in section 1 .2 .1 , that there is an 
interaction between individual characteristics and climate type. Some subjects may 
perform best of a group in the cold, others in a hot dry climate and again others in a 
warm humid climate. This interaction was studied using the differences in reaction to 
the different climates for each subject. The results of the correlation analyses 
between the differences between conditions on one hand and individual characteris­
tics on the other, are presented in Table 3. If no interaction would be present, no 
significant correlations should be observed. Thus if no correlation is found, this
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means that the respective parameter has the same effect in both of the compared 
climate types. If a correlation is observed, that parameter has a different effect in 
each of the two compared climate types.
Table 3 clearly shows that significant effects are present, and that these differ 
depending on which comparison of climatic conditions is made. Observed effects are 
from Vo2max, body fat percentage and daily activity level. The observation of an effect 
of V o 2max is most surprising, taking into account that relative work loads were used 
which should have eliminated any effects of the individual’s Vo2max (Saltin and Her- 
mansen, 1966).
Having Vo2max and ACTIV both as relevant parameters raises the question 
whether these are representing the same characteristic. As can be expected, Vo2max 
and ACTIV are correlated. This correlation is significant (p=0.05), but the correlation 
coefficient is only 0.4, showing that there is a relation between activity level and 
Vo2max, but leaving room for a, probably genetic, component in Vo 2maxThus the 
effect of ACTIV may be the same as that of Vo2max, but it can also have a separate 
meaning. The ACTIV level gives the number of times the body temperature is raised 
by exercise, which makes it into a factor representing acclimation level too.
The results of the multiple regression analyses on the differences between condi­
tions are presented in Table 4. Here, combinations of V o2max with mass or body fat 
percentage and daily activity level are found as predictors, or single predictors as in 
Table 3.
As Vo2max is present as a relevant parameter in several of the conditions over 
all responses, it is interesting to analyse the sign of the correlation for this predictor. 
o f the effects of Vo2max presented in Table 3 and 4 over all responses together, there 
is a consistent picture: Vo2max has a positive impact in the WH-Co comparison, but a 
negative or none in the others (HD-Co and HD-WH). Thus, the increase in response 
(Tre, SToRE and HR) to the WH climate compared to both the Co and the HD 
condition is higher for subjects with a higher Vo2max. In other words these compari­
sons suggest that a high Vo2max is beneficial (lower heat strain) in a Co and a HD 
climate, but a disadvantage (higher strain) in a WH climate. This point will be 
addressed in more detail in chapter 5.
4.5 Conclusion
Two conclusions can be drawn from this chapter. The first is that averaged over all 
climatic conditions, the responses of T re and SToRE are, for the relative work load 
used, related to body mass and daily activity level, of which mass causes the main 
effect (the higher the mass, the lower the strain). The second is that a significant 
interaction between climate and individual parameters is present indeed, with 
V o2max, %fat and ACTIV as parameters of importance. Gender showed a trend of an 
effect (0.07 < p  < 0.10). Thus, when analysing the data for each climate separately,
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a different impact of individual parameters in the different conditions can be ex­
pected. This analyses of the separate conditions will be presented in Chapter 5. In 
the multiple regression analyses of the differences in response between the climates, 
V o2max, %fat, ACTIV, and body mass were found to be relevant parameters. Gender 
lost its influence once data were corrected for Vo2 max or %fat.
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Chapter 5
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human heat stress response is dependent on 
work intensity and climate type
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SUMMARY. Multiple heterogeneous subject groups (both genders and large variations in 
Vo2max, body mass, body surface area (AD), % body fat, and AD /mass ratio) exercised on 
a cycle ergometer at a relative (%Vo2 max; REL) or an absolute (60W; ABS) work intensity 
in a cool (Co; 21 °C, 50%r.h.), warm humid (WH; 35°C, 80%) and a hot dry (HD; 45°C, 
20%) environment. Rectal temperature (Tre) responses were analysed for the influence of 
individual characteristics, environment and work intensity. Exposures consisted of 30 min 
rest, followed by 60 min work.
Tre was negatively correlated with mass in all conditions. Body mass acts as a passive 
heat sink in all the tested conditions. While negatively correlated with Vo2max and 
Vo2max/kg in most climates, Tre was positively correlated with Vo 2ma*and Vo 2 mak9 in the 
WH/REL condition. Thus, when evaporative heat loss is limited as in WH, the higher heat 
production of fitter subjects in the REL trials determines Tre and not the greater heat loss 
efficiency associated with high Vo2max. Body fatness significantly affected Tre only in the 
Co condition, where, with low skin blood flows (measured as increases in forearm blood 
flow), the insulative effect of fat is pronounced. In the warmer environments, high skin 
blood flows offset the resistance offered by peripheral adipose tissues. Contrary to other 
publications, Tre was positively correlated with AD /mass ratio for all conditions tested. For 
both exercise types used, being big (a high heat loss area and heat capacity) is apparently 
more beneficial from a heat strain standpoint than having a favourable area to mass ratio 
(Ad /mass; high in small subjects). The total amount of variance in Tre responses which 
could be attributed to individual characteristics was dependent on the climate and work 
type. Though substantial for absolute work loads (52-58%) the explained variance in Tre 
differed strongly for relative loads: 72% for the WH climate with its limited evaporative 
capacity, and only 10-26% for the HD and Co climate. The results showed that individual 
characteristics play a significant role in the determination of body core temperature 
response in all conditions tested, but their contribution is low for relative work loads when 
evaporative heat loss is not restricted. This study demonstrates that effects of individual 
characteristics on human heat stress responses cannot be interpreted without taking into 
consideration both the heat transfer properties of the environment and the metabolic heat 
production resulting from the exercise type and intensity chosen. Their impact varies 
substantially between conditions.
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5.1 Introduction
Large inter-individual differences in human responses to exercise in the heat have 
been described in literature (Kenney, 1985; Wenzel et al., 1989; Havenith et al., 
1995a,b), differences which can in part be ascribed to differences in specific 
personal characteristics of the subjects tested. Research aimed at elucidating the 
effect of individual characteristics such as age, sex, body size, adiposity, and aerobic 
power has been extensive. Several recent studies have proposed that aerobic 
power, adiposity, and anthropometrics are the main determinants for heat stress 
response and that most effects observed in relation to age and gender differences 
are really due to concomitant differences in the first three mentioned parameters 
(Pandolf et al., 1988; Kenney and Havenith, 1993; Havenith et al., 1995a,b;).
Limited attention has yet been given to the question how these individual differences 
influence thermal responses for different exercise intensities or climate types. 
Common paradigms in thermophysiological research are the use of hot-dry versus 
warm-humid climates, both with equal thermal load, as e.g. defined by the WBGT 
(Wet Bulb Globe Temperature), or the use of fixed exercise intensities for all, versus 
a load relative to the individuals’ maximum.
As to the exercise type: the widely accepted concept that exercise body core 
temperature is determined by the relative exercise intensity (Astrand, 1960; Saltin 
and Hermansen, 1966) and sweat loss by absolute workload (Drinkwater and 
Horvath, 1979), has been shown not to be generalizable -- individual characteristics 
contribute significantly as well (Havenith et al., 1995b). For the climate, indications 
that an interaction between individual characteristics and climate type was present 
was suggested in experiments on male-female differences in exposure to hot-dry 
and warm-humid heat stress: e.g. the higher body surface to body mass ratio for 
females was suggested to be an advantage in the warm-humid climate, but not in the 
hot-dry climate (Shapiro 1980).
In many cases experiments published in literature, using different exercise 
modes (relative versus fixed load) and climate types are difficult to compare for the 
effect of individual differences due to differences in the characteristics of the subject 
groups used. Therefore the present study attempts to compare body core tempera­
ture data from 5 experiments on comparable subject groups, but performed in 
different climates (Cool, Warm-Humid and Hot-Dry), and with different exercise 
intensity types (a fixed load for all subjects and a workload relative to the individuals’ 
maximal aerobic power). The data from these studies were analysed for the contribu­
tion of individual characteristics to the thermoregulatory response, and more specific, 
looked at possible interactions between the effect of individual characteristics, the 
exercise intensity type, and the climate type. The questions asked were therefore: 
"how much of the differences in heat stress response can be explained by selected 
individual characteristics? What is the relative contribution of different parameters
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quantitatively? is it the same in different climates and for different work types?”
In order to compare the influence of several individual characteristics simultaneously, 
instead of one in each experiment as common in most previous research on 
individual characteristics, heterogeneous subject groups were used, with multiple 
regression as analysis method. This technique was previously described in this 
journal by Havenith and van Middendorp (1990) and Havenith et al., (1995a,b).
5.2 Methods
This paper presents an integrated analysis of the combined data from five separate 
experiments covering various combinations of climate and work intensity.
Two types of work intensity were used in the experiments, a fixed absolute intensity 
(ABS) of 60 watt on a reclining cycle ergometer for 60 min after 30 min rest, and an 
intensity relative to the individuals' maximal capacity (REL; a ramp exposure of 30 
min each at rest, 25, and 45% Vo2max in sequence). For the analyses, only the final 
values of each test were used.
Three types of climate were used: a warm humid (WH: 35°C, 80% r.h.) and a hot dry 
(HD: 45°C, 20% r.h.) climate, both with similar WBGT value (±31.6°C) and a cool 
climate (Co: 21 °C, 50%). All without added radiation and an air velocity < 0.2 m s-1. 
For the ABS trials, subjects were exposed to WH and HD. For the REL experiments, 
subjects were exposed to WH, HD, and Co.
Three groups of subjects of mixed gender were tested. one group participated 
in all REL tests (n=24), another participated in the WH/ABS condition (n=27), and a 
third group in the HD/ABS condition (n=30). Subject groups were recruited using the 
same criteria to allow between-groups comparisons. With the obvious exception of 
climate and work intensity, comparable procedures and methods were used in all 
experiments. Differences in methods were due to differences in available equipment 
at the time when the tests were performed. For reasons of readability and length of 
the text, only a general overview of methods is given here. A more detailed descrip­
tion of the methods of the separate tests is given in appendix A. o f the mentioned 
studies, data of 4 (Co/REL, HD/REL, WH/REL and WH/ABS) were published 
previously (Havenith and van Middendorp, 1990; Havenith et al., 1995a,b), with 
emphasis on the one condition used. The data for the condition HD/ABS and the 
discussions on the interaction between individual parameters, climate and work type 
are new.
Screening
In the screening procedure before the actual exposures, the subjects’ individual 
characteristics were determined. Subjects were all volunteers, and studies were all 
approved by the Institute's Medical Ethics Committee. Before participation, each 
subject gave informed consent and was medically screened. This screening included
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medical questionnaires or a full physical examination. The following individual 
characteristics were determined: anthropometric data (height and mass), body 
surface area (AD), Vo2max, average skinfold thickness (of 4 sites) and adiposity, and 
finally habitual physical activity level (ACTIV) using a validated questionnaire.
Natural heat acclimatization of all subjects was presumed to be equivalent, as all 
tests were performed in the spring and subjects had not been exposed to heat for 
several months. Exercise induced acclimation was controlled for by the use of the 
activity score mentioned above.
Heat stress test
For all heat stress tests, each subject reported to the lab, changed into shorts 
(women also wore a haltertop) and had sensors attached. Next they entered a 
climatic chamber set at the conditions for the WH, HD or Co climate. Wind speed 
was below 0.2 m s-1. Subjects rested for 30 minutes in a semi-reclining chair 
mounted behind a cycle ergometer, followed by exercise (ABS or REL) for 60 
minutes on the cycle ergometer, or until reaching one of the safety criteria [rectal 
temperature (Tre) > 39°C or HR > 90% of the individual maximum as determined in 
the aerobic power test, or any adverse symptomology].
Physiological variables were measured and stored using a calibrated data 
acquisition system: rectal temperature (Tre ), mean skin temperature (T J , heart rate 
(HR), and oxygen uptake ( Vo2 ). Body heat storage was calculated from T re and Tsk 
as: Store=cb[0.8(Tre-37.) + 0.2(Tsk-34)] (Jg-1), with Cb as average heat capacity of 
body tissue defined as cb=[(fat mass/body mass)-2.51 + (body mass-fat mass)/body 
mass-3.65] (Jg-1 °C-1). Sweat loss was determined by weighing subjects before and 
after the heat exposure, corrected for metabolic and respiratory mass losses. 
Forearm blood flow (FBF), mean arterial pressure (MAP) and forearm vascular 
conductance (FVC) were determined also, but will be reported separately.
Data were stored at 60 second intervals. The final statistical analysis were 
performed using the data points collected at and averaged over the last 3 minutes of 
the test.
Statistics
For the statistical analysis, correlation and multiple regression analysis modules of 
the package "SYSTAT" (Wilkinson, 1990) and STATISTICA (1995) were used. 
Distributions of data were tested for normality using probability plots and skewness 
and kurtosis calculations. Differences in correlation coefficients between physiologi­
cal responses and individual characteristics were tested only for comparisons within 
the climate type (WH/REL vs WH/ABS and HD/REL vs HD/ABS) or within an 
intensity (Co/REL vs WH/REL vs HD/REL and WH/ABS vs HD/ABS). For the 
correlation, significance levels of p<0.05 were accepted. p-values between 0.05 and 
0.1 were considered as a trend.
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The multiple regression analysis was performed in a stepwise, interactive, 
mode. outliers were identified using studentized residuals and Cook's D-statistic. 
Parameters were included based on their correlation with the residual (p<0.1), and 
their inter-correlation (tolerance) with parameters already in the equation. The 
regression equations produced were accepted at a significance level of p<0.05.
Fig. 1 Mean, standard deviation (sd), minimum and maximum values for physical and 
physiological characteristics of the subject groups used in the analysis. % body fat = fat 
percentage; AD = body surface area. Group 1 = all REL conditions; group 2 = WH/ABS; 
group 3 = HD/ABS. See text for conditions.
For comparison of the importance of different parameters in relation to each other, 
standardized regression coefficients were used (Havenith, 1990). The value of the
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standardized regression coefficient represents the change in the dependent variable 
(e.g. Tre) expressed in units of its standard deviation, when the independent parame­
ter (mass, Vo2max, etc.) changes by 1 standard deviation. With this method, problems 
in comparing the effect of different parameters related to differences in their ranges 
and in the units in which they are expressed are solved. Using the standardized 
regression coefficients, the relative contribution of the different parameters to the 
explained variance was calculated as (see also chapter 1):
contribution to r2 | standardized regression coefficient for parameter|
Y  | ail standardized regression coefficients in equation]
Presented are “adjusted” r 2 values; which are r 2 values adjusted for the number of 
cases and the number of parameters in the analysis. These are lower than the 
regular r 2 value.
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Fig. 2 Distribution of Tre at the end of the heat exposures for the different conditions. The 
drawn curves represent normal distributions with same average and standard deviation as 
the observed results.
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5.3 Results
The subject group (Appendix A) characteristics are presented in Fig. 1. Subject 
groups did not show any significant difference in personal characteristics, thus 
allowing a good comparison between experiments. Though an attempt was made to 
minimize correlations between individual characteristics within groups by subject 
selection, Vo2max and mass were significantly correlated. Thus, these parameters 
had to be treated with caution in the analysis. Also, it could obviously not be avoided 
that body surface area was related to mass and height. Vo2max, expressed per kg of 
body weight did not show any correlation with mass, however. Also body fat % was 
not correlated with Vo2max, body mass, or body surface area.
The physiological response to be discussed is Tre, as a representative of body core 
temperature. The distribution of this response, as measured at the end of the 
exposures, together with a normal distribution with same average and SD is illus­
trated in Fig. 2 . The individual characteristics to which it will be related are: Vo2max, 
V o 2max/kg, body mass, body fat %, body surface area, and surface to mass ratio. As 
the amount of data/relations to be presented in this paper is quite large, we have 
chosen to focus on the effects which showed a difference between climate types or 
between work intensities. The most interesting (and significant) differences will be 
illustrated in the graphs.
correlation analysis
In Fig. 3a the correlation coefficients of the relation between Tre and Vo2max are given 
for the five climate/intensity conditions. For ABS, significant negative correlations 
were present; for REL, only the positive correlation for the WH/REL condition 
approaches significance (p=0.08). This positive correlation for the WH/REL condition 
differs significantly from all other conditions, except from HD/REL, which difference 
approaches significance (p=0.08).
The relation between Tre and body mass is given in Fig. 3b. The relations 
(negative correlation) are similar for all trials in the heat (ABS and REL). For the cool 
climate the correlation was not significant. The relation of Tre with Vo2max standard­
ized for body mass (Vo2max/kg) are shown in Fig. 3c. In this case, only the correlation 
for the WH/REL was significant (WH/ABS approaches significance; p=0.07) and this 
WH/REL condition differs significantly from all other compared conditions. In Fig. 3d, 
the relation of Tre with body fat % is presented. only for the Co/REL condition this 
positive correlation is significant, and significantly different from WH/REL.
The relation of Tre and AD was similar to that for Tre and body mass. Also the relations 
between Tre and AD /mass were similar to those between Tre on one hand, and mass 
or Ad on the other, but the sign was opposite. A higher AD /mass ratio resulted in a 
higher Tre.
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Fig. 3 Correlations of rectal temperature (Tre) with -a- maximal oxygen uptake (Vo2max), -b- 
body mass, -c- maximal oxygen uptake per kg of body mass (Vo2max/kg), and -d- body fat 
%. * = p < 0.05; $ = 0.05 < p < 0.10; lines connect conditions which are significantly 
different (comparison within climate or work type only; see methods). Dotted line: 
difference at 0.05 < p < 0.10 level.
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Fig. 4 Results from multiple regression analysis of rectal temperature response, starting 
with Vo2max. Pie charts show amounts of explained variance in Tre (adjusted r 2) due to 
individual characteristics, and the unexplained variance. mass=body mass, ACTIV 
=regular activity score; (+) = positive correlation, (-)=negative correlation; REL=relative 
work load, ABS=Absolute work load, Co=Cool, WH=warm humid, HD=hot dry climate.
Multiple regression analysis
In Fig. 4 and 5, a selection of the results for the multiple regression analysis is 
presented as pie charts. The presented pie charts show the percentages of ex­
plained and unexplained variance due to individual characteristics in the data for Tre 
for the respective conditions. The percentage of explained variance (=adjusted r 2) is 
distributed over contributing parameters according to the size of their standardized 
regression coefficients as discussed in the methods.
In Fig. 4 the analysis was started with Vo2max, being a relevant parameter in the 
correlation analysis. In that case, mass usually was the second relevant parameter, 
or for HD/REL, the only parameter. For CO/REL, body fat content was the only 
parameter.
It was also possible to develop equations including the AD /mass ratio instead of 
mass. These equations produced very similar explained variances to those with 
mass. The relevant difference was that AD /mass had a positive regression coeffi­
cient, whereas mass had a negative.
The results of the analysis pointed at an inter-correlation between Vo2max and mass 
in the regression equation (tolerance = 0.35). When the analysis is started from 
V o 2max/kg (Fig. 5) this problem of a correlation with mass is not present (tolerance 
>0.95), providing a statistically more robust analysis. Also in this analysis, mass was 
the best predictor in sequence, except for HD/REL and Co/REL. In these conditions, 
Vo2max/kg was not contributing at all.
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Fig. 5 Results from multiple regression analysis of rectal temperature response starting 
with Vo2 max/kg. For further explanation see Fig. 4.
Identical to the observation in the correlation analysis (Fig. 3), the contribution of 
Vo2max or Vo2max/kg is opposite in sign between the WH/REL condition versus all 
others. In the WH/REL condition a higher Vo2max or Vo2max /kg results in higher Tre 
values and in all other measured conditions in lower T re ’s.
Analysis of body heat storage in the same way provided almost identical 
results, with similar explained variance numbers and identical contributing parame­
ters. In this case, however, none of the individual parameters contributed in the 
CO/REL condition.
5.4 Discussion
Methodology
The methodology of using heterogeneous subject groups, including males and 
females, instead of groups matched for all but one parameter was discussed by 
Havenith et al., (1995a). In this type of experiments, analysis by multiple regression 
is used. For the present approach, aiming at comparison of responses over climates 
and work load types and their combinations, the choice was made to present the 
data first in a simple correlation analysis approach to get an overview of the relevant 
factors, followed by the multiple regression analysis which usually includes less 
parameters.
Subject groups were chosen with a large variation in individual characteristics 
(Vo2max, Vo2max/kg, mass, AD, AD /mass, adiposity, regular activity level) within each 
group. Both genders were included, but not analysed separately. This decision was
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based on conclusions of numerous previous publications (e.g. Avellini and Kamon, 
1980; Frye et al., 1981, 1982: Havenith and van Middendorp, 1990), that gender 
differences in thermoregulatory response during exercise and heat exposure are in 
fact due to differences in fitness and anthropometry. Gender differences observed at 
rest, related to e.g. hormonal differences, have been shown to disappear during 
stress (Frye et al., 1981). Also in the present study, once data are corrected for 
effects of other individual characteristics, no effect of gender could be observed. 
Inclusion of both genders resulted in a wider variation in individual characteristics 
within the subject groups than would have been possible with a single gender.
Between the groups used in the different experiments, the ranges of the 
individual characteristics (Vo2max, mass, height, fat %, age, AD) as well as their mean 
and standard deviations, were similar and not significantly different (Fig.1). Further, 
though some measuring methods for the definition of the individual characteristics 
differed between groups (e.g. Vo2max; Table 1 ), the ranking of individuals for these 
parameters is expected to be equal between methods for the type of subjects used 
(no athletes). Therefore, correlations between responses and individual parameters 
are valid measures for comparison over climates and work types.
Experiments were sufficiently long to allow development of typical (heat) stress 
responses.
As Vo2max and mass were significantly correlated in all data sets, these 
parameters had to be treated with caution in the analysis. In part, this was ap­
proached by standardizing Vo2max for the mass effect, using Vo2max/kg, which does 
not show a correlation with mass.
For each level of Vo2max a large variation in masses was present. This explains why it 
was possible that different effects for Vo2max and mass were observed (Fig. 3a vs 3b) 
even though they were correlated, as will be discussed below. Body fat % on the 
other hand was not correlated with Vo2max or with body mass, or AD, due to selection 
of subjects within the test groups (Havenith et al., 1995b), allowing an unbiased 
comparison of these effects.
Results presented are those for rectal temperature response. Depending on the 
ideas of authors on thermoregulation (regulation around a setpoint versus regulation 
of body heat content), they choose for analysis of core temperature versus total body 
heat storage. For the presented experiments, as mentioned in the results, observa­
tions for body heat storage were almost identical to those for Tre. For this reason 
body heat storage analysis was not presented separately.
correlation analysis
re c ta l tem p era tu re  a n d  aero b ic  pow er. A clear difference in the relation between Tre 
and aerobic power (Vo2max or Vo2max/kg) for the five climate/work intensity conditions 
was observed (Fig. 3a,c). For the ABS work loads, a significant negative correlation 
exists in both climates for the correlation with Vo2max. This is almost significant for the
92 Chapter 5
WH/ABS condition (p=.07) and insignificant for the HD/ABS condition when aerobic 
power is expressed as Vo2 max/kg.
For the REL work loads, where according to literature (Astrand, 1960; Saltin and 
Hermansen, 1966) one would expect no correlation between Tre and aerobic power, 
significant correlations are still present. Furthermore these differ between climate 
types. While for REL only insignificant negative correlations are present for the cool 
and hot dry climate, a positive correlation is observed for Vo2max (p<0 .1 ) and for 
Vo2max/kg (significant) in the warm humid climate. The higher the subject’s aerobic 
power, the higher the T re in this condition. These findings can be explained as 
follows: For the ABS work load, the heat liberation in all subjects (assuming equal 
mechanical work efficiencies) is equal. Any advantage in heat loss capacity of fitter 
subjects in all climates will thus become visible as a reduced Tre. This was indeed 
observed (Fig. 3a). For the relative work load, the heat liberated in the body is 
dependent on the subjects Vo2max. The subject’s heat dissipation capabilities are 
also positively related to his Vo2max (Avellini et al., 1982, Yoshida et al., 1995). Thus 
if these two relations were equally strong, no correlation should be found between T re 
and V o 2max for relative work loads. The latter is the case for the CO/REL and the 
HD/REL condition, where the effects of Vo2max on heat production and on heat loss 
are apparently balanced. In the used warm humid climate, however, the heat 
dissipation from the body is not limited by the body's capacity for heat loss (e.g. 
sweat rate), but by the climate. Due to the high vapour pressure the evaporative 
capacity of the environment is strongly reduced in this climate. In this case subjects 
with a high Vo2max will have a high work load and high heat production in the body, 
but they are unable to dissipate substantially more than less fit subjects due to 
climatic restrictions. Therefore Tre will rise with heat production. Consequently Tre 
also rises relative to Vo2 max.
re c ta l tem peratu re  a n d  b o d y  size: For the relation between Tre and body mass (Fig. 
3b) one might say that for the conditions used, in general, the bigger the body (larger 
mass, but also larger AD), the smaller the increase in Tre. However, the interpretation 
of this finding is critical as positive correlations between body mass and Vo2max were 
present in the subject groups. Thus one might argue that the mass effect is not due 
to e.g. the higher heat storage capacity or high AD which is concomitant with high 
mass, but acts through the mechanisms associated with the concomitant high 
Vo2max, or vice versa. Surprisingly however, the relations of mass and V o 2max with Tre 
are not similar for all conditions: they are opposite in sign for the WH/REL condition, 
but have the same sign in all others. This can be explained as follows: for the ABS 
loads the effect of Vo2max and body mass on Tre work in the same direction: While the 
aerobic power level affects the active processes of heat dissipation (higher sweat 
output etc., resulting in a negative correlation with Tre), body mass has (for the 
cycling exercise used) a more passive effect: when heat accumulates in the body,
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the rise in Tre will be lower when heat capacity of the body (-mass) and cooling area 
(=Ad) are higher. For the REL loads, where the effect of V o 2max is the results of the 
balance of improved heat dissipation and of increasing heat production with increas­
ing Vo2max, the net effect is dependent on the climate type. When the climate limits 
heat loss, the effect on heat production will prevail over that on heat dissipation, as 
described earlier. A high Vo2max will therefore be a disadvantage when working at a 
relative load in a WH climate, producing a positive correlation of Tre with Vo2max. A big 
mass however will still imply a high heat storage capacity and thus the correlation of 
Tre with mass, as a separate parameter, remains negative.
This difference between conditions is strongly visualized in Fig. 3c, where the 
correlations of Tre with the ratio of aerobic power to body mass are presented. 
V o 2max/kg and mass are not correlated in the subject groups, thereby avoiding the 
interpretation problems discussed before. However, the aggravating effect of a high 
aerobic power for heat strain in the WH/REL condition is even more pronounced 
when this mass correction on Vo2max is applied.
While Tre shows a negative correlation with both Ad and mass, a positive 
correlation (r  =0.3-0.45 for HD and WH) was present with the surface to mass ratio of 
subjects (Ad /mass). This is strongest for the ABS conditions and slightly lower for the 
REL conditions. The higher the surface to mass ratio (the smaller the subject) the 
higher also Tre. This observation is consistent over all conditions in the current 
experiments (all significant, except the cool climate). Apparently, for cycling exercise, 
a high value of mass and Ad (heat storage capacity and cooling surface respectively) 
as found in big subjects is more beneficial in reducing heat strain than a high ratio of 
the two (high cooling surface area for a low heat producing mass) as found in small 
subjects is.
The observation described above, though supported by earlier results (Austin and 
Ghesquiere, 1976), is opposite to classical (evolutionary) descriptions of the relation 
between core temperature and Ad /mass. According to Bergman’s (1847) and Allen’s 
(1907) rules, a negative correlation between core temperature and Ad /mass for heat 
exposure is expected. Most earlier studies on this subject (Shvartz et al., 1973; 
Shapiro et al., 1980; Austin and Lansing, 1986) indeed observed such a negative 
correlation between Tre and Ad /mass for warm humid climates or work in vapour 
barrier clothing. Re-evaluating the data of those studies showed that a methodologi­
cal problem might be present in the comparison of these different experiments. They 
all used a treadmill walking protocol, with fixed speed and a grade. The smaller the 
subject (low mass; high Ad /mass), the lower the metabolic rate. E.g. in Shapiro et 
al.,’s (1980) experiment the high Ad /mass groups (difference in Ad /mass ±10%) 
showed a 27% lower metabolic rate than the low Ad /mass group. Thus it is not 
unlikely that the lower heat load in the small subjects was responsible for the lower 
increase in Tre, and not the high Ad /mass ratio in these subjects. In our comparable 
WH/REL condition, differences in metabolic rate between low and high Ad /mass
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groups were insignificant. Thus, as heat loss in WH is strongly limited, equal 
metabolic rates will result in higher T re for the small subjects due to their smaller 
storage capacity. Thus in our opinion, the negative correlation of T re with AD /mass 
observed in the mentioned walking type experiments, was actually due to the 
substantial differences in metabolic rate between different AD /mass groups and was 
incorrectly generalized to all heat stress conditions. Shvartz et al., (1973) already 
pointed at this alternative explanation of their findings. Also, the validity of Bergman 
and Allen’s rule for use on a single species (man) was questioned and criticized 
(Scholander, 1955). Though it may be valid for resting conditions in cool environ­
ments, it was shown to be invalid during heat exposure (Schreider, 1975). Thus a 
high AD /mass ratio as present in small subjects is by itself a disadvantage for the 
ability to cope with heat stress during exercise.
r e c ta l  tem p era tu re  a n d  b o d y  fa t : A significant effect of body fat on T re (high fat% - 
high Tre) was only observed in the CO condition. If one considers fat as a potential 
insulative layer, this insulating effect will be strongly dependent on the blood perfu­
sion of this layer (Burse, 1979; Havenith, 1985). In the CO climate, measured 
forearm blood flows, taken as representative for skin blood flow, were low (maximum 
7 ml/100ml/min). In this case fat could exert its insulating effect, resulting in higher 
body temperatures for the fatter subjects. For the warmer climates, FBF’s were 
substantially raised (averages 14 to 21 ml/100ml/min). This shortcut for heat 
transport reduced the contribution to the heat resistance of the fat layer to virtually 
zero and thus resulted in insignificant effects of body fat on Tre. The latter finding is in 
accordance with observations of Burse (1979), who observed that differences in fat 
layers due to gender had no effect for exercise in the heat.
It should be noted that body fat in studies using weight bearing exercise 
(treadmill) may exert an effect on heat stress response through its passive mass, 
which has to be carried by the subject. The higher the passive mass, the higher the 
metabolic rate needed to carry it. This effect of increased heat production comes on 
top of the insulating effect. Also the specific heat of adipose tissue, in which water 
content is low, is about half that of the fat-free mass. Therefore, a given heat load 
per kg body weight will cause higher temperature elevations in the obese than in lean 
subjects (Bar-Or et al., 1969).
multiple regression analysis
The multiple regression analysis for Tre, using individual characteristics as independ­
ent parameters, showed large differences between the tested conditions (see results 
section and Fig. 4 and 5). Firstly, the total variance in the Tre data which could be 
explained by the individual characteristics tested (100-unexplained variance in Fig. 4 
and 5) showed a wide range. The highest explained variance was found for the WH 
conditions: 58 (ABS) to 69% (REL). The lowest (10-26%) were found in those REL
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conditions where evaporative heat loss was not the climates’ limiting factor (HD and 
Co). Secondly, though the sign of the contribution of several parameters was equal 
over conditions (mass (-, Fig. 3b), AD (-), AD /mass (+)), that of Vo2max or Vo2max/kg 
was negative in all conditions but the WH/REL (Fig. 3a,c). This was identical to the 
results of the correlation analysis, even with inclusion of more parameters simulta­
neously. This once more substantiates that aerobic power is relevant for body core 
temperature when work load is equal for all subjects (ABS). When workload is 
relative to the individuals’ maximum, however, aerobic power does not contribute 
significantly to the Tre response when evaporative heat loss is not limited by the 
climate. When heat loss is limited (WH), a high aerobic power goes together with a 
high Tre when workload is relative.
Comparing the relative contributions of different parameters, Fig. 4 shows that 
V o 2max has a higher impact on Tre than mass in the ABS conditions, whereas mass is 
more relevant in the REL heat conditions. For Vo2max/kg (Fig. 5) this is reverse: a 
smaller effect than mass in the ABS condition, but a much larger one (and opposite 
in sign) in the REL-WH condition.
In this last condition aerobic power is mainly representing the actual heat liberation in 
the body per kg body weight, whereas in the ABS condition, with its identical heat 
production for all, it represents the better heat loss capacity for subjects with higher 
aerobic power.
Mass, in all conditions contributes as a passive heat sink, and as mass and AD could 
be exchanged in the analysis with little change in the results, mass also contributes 
through its relation with the heat exchange area (AD). Thus big subjects with a high 
heat sink and a high heat exchange area (all other things being equal) are at an 
advantage in the conditions tested here.
The results show that individual characteristics play a significant role in the 
determination of body core temperature response in all conditions tested, but their 
contribution is low in the presented experiments for relative work loads where heat 
loss is not restricted. Typically, the conditions where individual characteristics explain 
a substantial part of the variance in Tre are those where heat loss is limited, and 
where the passive system characteristics (mass, AD, AD /mass) defining the size of 
the heat sink and the heat exchange surface are of importance.
general discussion
In order to understand the findings in terms of physiological and biophysical mecha­
nisms, one may try to develop a general model of these responses, involving heat 
production, loss and storage. If one considers the body as a box with a certain mass, 
this mass determines the heat storage capacity as well as the heat loss area (=AD). 
All other things being equal, a big subject will be at an advantage over a small 
subject.
96 Chapter 5
Maximal heat production levels (related to total muscle mass) as well as heat 
dissipation mechanisms (sweat production, sweat evaporation efficiency) are related 
to Vo2max (Avellini et al., 1982, Yoshida et al., 1995). The n et effect of Vo 2 ms 
dependant on the balance between heat production and heat loss. At ABS work 
loads, heat production is equal for all, and the higher heat loss efficiency of high 
Vo2max subjects then results in lower Tre’s. At REL work loads, the higher heat 
productions of high Vo2max subjects is balanced by the higher heat loss efficiency, 
resulting in the absence of a net Vo2max effect (Astrand, 1960; Saltin and Her- 
mansen, 1966). When the heat loss is limited by the climate, the balance even goes 
the other way in these REL conditions. The higher heat production of high Vo2max 
subjects directly results in higher Tre’s as seen in the present study.
Body fat and skin blood flow can be seen as parallel resistances between core 
and skin. Body fat is therefore only active as insulator when skin blood flow is low 
(high parallel resistance), as observed in the cool condition.
This simple model describes the findings well. In other conditions than studied 
here (e.g. walking at a certain speed and grade), an increase in mass and fat % also 
has indirect effects: it increases the (passive) mass that has to be carried and 
thereby metabolic rate. This leads to an increased Tre for big or obese subjects in 
those conditions. These effects are also covered by the mechanism presented 
above.
In conclusion, this study shows, that effects of individual characteristics on human 
heat stress response cannot be defined without taking into consideration the heat 
transfer properties of the climate used and the metabolic rate resulting from the type 
of workload. Taking this into consideration, seemingly contradictory results from 
different studies can be explained using a simple model. The results showed that 
individual characteristics play a significant role in the determination of body core 
temperature response in all conditions tested, but their contribution is low for relative 
work loads when evaporative heat loss is not restricted.
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Appendix 1 Description o f methods o f the 5 experiments
condition REL (HD, WH and CO) WH/ABS HD/ABS
subjects n=24; 12cf, 12? n=27; 19cf, 8¥ n=30; 14cr, 16¥
Screening:
Vo2 max 0 2 uptake measured by custom built closed circuit oxygen 
system, using a polarographic oxygen analyser (Servomex). 
Maximum determined by extrapolation of the results o f an 
incremental exercise test on a Monark power regulated 
bicycle ergometer at submaximal levels of intensity (Astrand 
and Rodahl 1986).
Maximal 0 2  uptake (Oxycon sigma, Mijnhardt) in 
incremental exercise test on treadmill with modified 
Balke protocol [2.5% gradient changes (=1.23 
W  kg'1 at 5 k m h '1), every 2 min after 5 min warmup 
at 5% gradient, until exhaustion.
Maximal oxygen uptake (Vo2 max), was derived 
from the maximally achieved workload during an 
incremental exercise test on a Lode bicycle 
ergometer (Binkhorst, 1993)
Body fat content Sum o f 4 skinfolds (Durnin and Womersley, 1974)
Body surface area from height (±0.5 cm) and mass (±10 g) (DuBoisand DuBois, 1916)
Habitual activity Questionnaire describing physical activity level and participation in exercise programs. Scored on a 7-point scale, ranging from “avoid walking or exertion” to “run over 
10 miles each week or exercise over 3 h each week” (Ross and Jackson, 1990)
Heat stress test
Temperature/
Humidity/
Wind
WH: 35°C/80%/<0,2m s'1 
HD: 45°C /20% /<0.2m s'1 
CO: 21 °C/50%/<0.2m s'1
35 ° C/80%/<0,2m s'1 45 ° C/20 %/< 0.2 m s '1
W ork Load regime 30 min. rest on wire chair behind an electronically controlled 
cycle ergometer (modified, power regulated, Monark, 
Monark-Crescent AB, Varburg, Sweden) in a reclining 
position, followed by 30 min work at 25%Vo2 max, and 30 min 
work at 45%Vo2 max
60 watt on reclining bicycle (electrically braked 
Lode) for 60 min after a 30 min rest period
60 watt on reclining bicycle (electrically braked 
Lode) for 60 min after a 30 min rest period
Vo2 custom built closed circuit oxygen system, using a 
polarographic oxygen analyser (Servomex)
oxygen uptake by analysis of expired gases during 
two 5-min periods (after 15-min and after 45-min 
work) using a Mijnhardt Oxycon Sigma system;
oxygen uptake by analysis o f expired gases during 
two 5-min periods (after 15-min and after 45-min 
work) using a Mijnhardt Oxycon Sigma system;
Core temperature Yellow Springs Instruments 700 Thermistor inserted 12 cm beyond anal sphincter
Skin Temperature Average skin temperature (T  ) was calculated |fom  seven 
(head, upper arm, lower arm, chest, back, upper leg, lower 
leg) separate measurements (Yellow Springs Instruments 700 
skin Thermistors), weighted for the surface area they 
represent (Hardy/DuBois).
surface weighted average o f 4 YSI 700 series 
thermistors placed on the arm, upper leg, chest and 
back (Hardy/DuBois).
surface weighted average of 4 YSI 700 series 
thermistors placed on the arm, upper leg, chest 
and back (Hardy/DuBois).
Heart Rate The ECG (CM5 lead) was monitored continuously, from which HR was deduced and recorded
CD
CD
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Appendix, additional analysis
Intro
In addition to the analysis of Tre, also other physiological responses were analysed: 
skin temperature, heart rate, forearm blood flow, blood pressure, forearm vascular 
conductance and sweat loss.
Methods
H e a t  stress te s t Cardiovascular variables were measured: Heart rate (HR) was 
determined from a CM5 lead via a recorder and oscilloscope for constant monitoring; 
Forearm blood flow (FBF), was measured by venous occlusion plethysmography 
using a mercury-in-rubber strain gauge (Whitney, 1953), with temporary arterial 
occlusion of the hand during the measurement period; Mean arterial pressure (MAP) 
was determined by brachial auscultation and calculated as 0.67diastolic pressure + 
0.33systolic pressure; Forearm vascular conductance (FVC) was calculated as FVC 
= FBF/MAP in units of %min-1mm HG-1. Sweat loss was determined from the mass 
difference before and after the session.
Results
Skin temperature
The relationship between Tsk and Vo2max (Fig. B1a) is comparable to that of Tre (Fig. 
3), except for the CO/REL condition. With all ABS conditions, subjects with higher 
V o 2max levels had lower skin temperatures, for HD/REL this is the same, but just 
insignificant (p=.08). Conversely, for REL in the warm humid climate, skin tempera­
ture is higher for subjects with higher Vo2max. For the CO climate the positive 
correlation between Tsk and Vo2max approaches significance (p=0.07). The relation of 
Tsk with Vo2max/kg is virtually the same as that with absolute Vo2max. The correlations 
of Tsk with body mass and AD are negative (insignificant for REL conditions) for all 
conditions. The picture of the relation of Tsk with body fat % (Fig. B1b) is almost the 
reverse of that of Tsk with Vo2max (Fig. 3a). The Co/REL condition differs significantly 
from the HD/REL condition.
Heart rate
The correlation of HR with Vo2max for the different climate/intensity types is shown 
graphically in Fig. B2a. For ABS, the correlation is negative and significant. For the 
REL conditions, no significant correlation between HR and Vo2max is present. REL
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conditions differ significantly from ABS conditions with no climate effect evident. A 
similar pattern is present in the correlation of HR with VO2max/kg, body mass (Fig. 
B2b) or AD. Correlations of HR with body fat % are all not significant.
Fig. B1 Correlations of skin temperature (Tsk) with -a- maximal oxygen uptake (VO2max), 
and -b-body fat %. * = p < 0.05; $ = 0.05 < p < 0.10; lines connect conditions which are 
significantly different (comparison within climate or work type only; see methods).
Blood flow  and blood pressure
The relationship of FBF, MAP and FVC with VO2max did not show significant differ­
ences among the climate and intensity types. Their relation with body mass is such 
that in CO/REL, FBF and FVC are significantly higher in heavier people ( r  =0.4) 
whereas in all other climates the relations are not significant. When VO2max is 
expressed per kg of body mass, FBF correlates positive with VO2max/kg, except for 
CO/REL, where the correlation is almost zero. MAP is significantly higher with 
increasing mass in WH (r =0.52) and is not related to mass in other climates. FBF 
and FVC are also correlated to body fatness. This correlation is negative (r =-0.3 to - 
0.4), high fat is associated with low FBF and FVC (p<0.05 for ABS conditions) except 
for CO where the correlation is zero.
Sweating rate
Sweat rate shows a strong positive correlation with VO2max (Fig. B3a), VO2max/kg, AD, 
and mass across all conditions (r =0.4 to 0.8). When sweating rate is expressed per 
unit of body surface area, to correct for differences in body size between subjects,
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the correlations are reduced, but most remain significant. The correlation between 
sweating rate or sweating rate per unit surface area (Fig. B3b) and body fat % is not 
significant for the ABS conditions and negative in all REL conditions.
Fig. B2 Correlations of heart rate with -a- maximal oxygen uptake (Vo2max) and -b- body 
mass, for the different conditions. * = p < 0.05; $ = 0.05 < p < 0.10; lines connect condi­
tions which are significantly different (comparison within climate or work type only; see 
methods).
Discussion
Skin temperature
The relation between skin temperature and Vo2max reflects the same mechanisms as 
the relation of Tre with Vo2max(Shapiro, 1980). When the work load is fixed, or in case 
of a hot dry climate, subjects with higher aerobic power have lower skin temperatures 
(more efficient evaporation due to higher sweat production and better sweat distribu­
tion) whereas for the relative load in the warm humid climate, where more sweating 
related to high Vo2max is not really effective, the skin temperature is higher for 
subjects with higher Vo2max and thus higher heat loads. Interestingly Tsk also is 
positively correlated (p=.07) with Vo2max for the CO climate. Absolute Tsk is much 
lower in this case than for the heat exposures (29.5 versus 36 - 38 °C) and the 
positive correlation is most likely a reflection of the higher skin blood flow, actually 
observed for subjects with higher Vo2max in this case.
Interaction with climate and work type 103
Also for the CO/REL condition, Tsk shows a different correlation with body fat % than 
for the HD climate. Apparently, though the skin fat layer does not have an insulator 
effect on body core temperature in the heat, it has sufficient effect to show a trend of 
hotter skin in dry heat and cooler skin in cool environments with increasing fat %. 
Though the difference between these conditions is significant, both effects sepa­
rately only approach significance.
Fig. B3 Correlations of sweat rate with: -a- maximal oxygen uptake (Vo2max) and -b- body 
fatness for the different conditions. * = p < 0.05; $ = 0.05 < p < 0.10; lines connect 
conditions which are significantly different (comparison within climate or work type only; 
see methods).
Heart rate
The correlation of heart rate with Vo2max for the different climate/work load types, as 
presented in Fig. B2 shows that correlations are insignificant except for the fixed 
work intensity, where the correlation is negative. This correlation is not unexpected 
(Smolander et al., 1987). The higher the subject’s aerobic power, the lower that fixed 
work intensity will be in terms of the load on the person relative to his or her personal 
maximum. Thus also: the higher the Vo2max the lower the heart rate for a given 
intensity. At the relative work load, heart rates are expected to be equal for all sub­
jects, assuming that they have similar maximal heart rates. Inspection of the data set 
did show a variability in maximal HR, but this was not related to Vo2max. Equal HR are 
indeed the case for the cool and the hot dry climate. Only a small but insignificant 
positive correlation is present in the WH/REL condition. This could be related to the
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higher core temperatures of the fitter subjects in this situation, which necessitates a 
stronger thermoregulatory reaction, stronger skin blood flow, and thus a higher 
additional increase in heart rate to keep an adequate cardiac output. Heart rate 
represents, besides the effect of the actual work load, also the thermoregulatory 
effect of increasing skin blood flow during body temperature increase.
The correlation of HR with body mass is strongly negative for the fixed loads, which 
reflects the correlation of mass with Vo2max. The higher the mass, the higher the 
V o 2max. Also, the equal heat production for all subjects at a fixed load is distributed 
over a heat sink which is directly related to body mass. Thus, with a big mass Tre can 
remain lower and thus also the thermoregulatory increase in HR can remain lower 
too. For the relative loads, no significant correlation of mass with HR is present, 
supporting the explanation given above.
Other circulatory parameters
The relationship of FBF, MAP and FVC with Vo2max, mass and body fat %, did not 
show significant differences between the climate types and work load types. Absolu­
te levels of MAP for the warm and hot climate types are lower than for the CO 
climate, reflecting the lowered peripheral vascular resistance, which is not completely 
compensated by increased cardiac output (Smolander et al., 1987). In the CO/REL 
condition, the correlation of FBF and FVC with body fat is zero. Thus the above 
described higher Tre with high fat % in that climatic condition is not due to a lower 
FBF or FVC in subjects with high fat % but must be related to the insulative effect of 
the fat layer at the observed low FBF’s.
Sweat rate
Body sweat rate and sweat rate per unit of body surface area show a distinct 
correlation with Vo2max, but this is very similar for all conditions (Fig. B3). Though the 
correlation seems lower for the warm humid environment at the fixed intensity, these 
differences are not significant. Thus whether work intensity is fixed or related to the 
Vo2max, a positive correlation of sweat production with Vo2max is present. Fitter people 
produce more sweat in all the conditions. The concept that sweat rate is related to 
absolute metabolic load or work rate (Drinkwater and Horvath, 1979) may hold true, 
but part of the variance in the data can still be attributed to the individuals’ Vo2max.
Conclusion
The observed responses for skin temperature, heart rate, circulation and sweat rate 
support the qualitative model proposed in the discussion of the main paper.
Thermal modelling of 
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Chapter 6
Thermal modelling of individual characteristics
George Havenith
Summary. One of the major gaps in the prediction of heat stress response is the limited 
implementation of individual characteristics in prediction models. Without this individual­
ization, the evaluation of the resultant average group response prediction necessitates the 
use of very conservative limit values for body temperature increase. This is caused by the 
wide range of responses observed within a group.
The present study aimed at the implementation of individual characteristics in an analyti­
cal heat stress prediction model (THDYN), in order to investigate whether this would 
indeed result in a more precise prediction with less variance between predicted and 
observed responses. For this purpose, the relevant individual parameters related to 
anthropometric characteristics (body surface area [AD], body tissue conductance, body 
heat capacity), sweating and skin blood flow control (training and acclimation) were 
introduced in the model. The control parameters were derived from literature.
Next, data sets which were not used for the parameter estimation were used for a 
validation of the new model. It was found that the individualized model indeed provided an 
improved prediction over a model where mean population parameters were used. The 
magnitude of the improvement varied with the climate and the work type, however. The 
best individual predictions for body heat storage were observed for fixed work loads in a 
warm, humid and in a hot, dry climate and for work loads relative to the individual 
maximum in a warm, humid climate (Explained variance 27 - 53%). For relative work 
loads in a cool and in a hot, dry climate the models predictive capacity for individuals was 
not significantly improved (<10%).
When this predictive power was compared to that of an empirical multiple regression 
model, derived from these specific data sets (the “maximal achievable” predictive power), 
using individual characteristics as independent parameters and body temperature as 
dependent variable, it was found that the analytical simulation model had between 54 and 
89% of the predictive power of the empirical regression model, except for the cool climate 
where this ratio was zero.
It can be concluded that the additions to the analytical simulation model provide a good 
tool for study of effects of individual characteristics, but also that a substantial part of 
individual variation is still not understood.
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6.1 Introduction
Numerical models of human responses to heat and cold exposure are widely used. 
Some of these models are empirical (Givoni and Goldman, 1972, 1973), others are 
restricted to heat balance calculations (ISO 7933, ISO TR 11079), or include a 
thermoregulatory system, including sweating and blood flow regulation (Nishi and 
Gagge, 1977; Stolwijk and Hardy 1977, Wissler, 1964, 1982) and some involve the 
physics of clothing (Werner 1989; Lotens, 1993; Werner and Webb, 1993). The 
validity of the predictions by various models is dependent on the combination of the 
climate, clothing and work load. One problem present in all models, however, is that 
even if their prediction is quite good for an average group response, the response of 
an individual may still show a large deviation from the prediction. The intention of the 
present paper is to incorporate individual aspects of thermoregulatory response in an 
analytical simulation model, and to determine whether this actually improves the 
prediction of heat stress responses of specific individuals in a population.
The importance of having an insight in the mechanisms behind the individual 
differences will be discussed in the next paragraphs. Thereafter the model used as 
starting point will be discussed as well as a description of the new model. This will be 
followed by an in detail description of the changes and additions to the original 
model. The chapter will be concluded by a validation of the new model, using the 
datasets of the previous chapters (which will not be used in the model’s develop­
ment!) as a basis, and by a comparison of the performance of the new model versus 
the original model, and versus the regression model of chapter 5.
6.2 The necessity of individualization
6.2.1 Safety limits
Safety guidelines for occupational exposure to climatic stress have set the deep 
body temperature limit at 38°C (ISO 7933). This is by itself not a dangerous temper­
ature at all. Many people reach this temperature riding their bicycle to work. Unfortu­
nately, in the past many people have used this temperature as a limit value for each 
individual worker. This is not the correct way to use this limit, however. To under­
stand this we have to go back to the origins of this value.
The most cited document for the 38°C limit is a document of the WHO: in 1969, the 
World Health Organisation (WHO, 1969) stated that it was inadvisable to allow deep 
body temperatures to exceed 38°C in prolonged daily exposure to heavy work. 
However, this document also states that under constant surveillance of the individual
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it is advised to stop exposure at 39°C. Further, both statements were based on 
conditions where core temperature (measured by rectal temperature (Tre)) suppos­
edly is a direct function of metabolic rate and independent of ambient temperature 
(Ta) i.e. for exercise without severe external heat stress. Thus they may not neces­
sarily be valid for heat exposures, where the increase in Tre is not only caused by 
metabolic heat production, but by a hot climate as well.
Data from Wyndham and coworkers (Wyndham et al., 1965) made them conclude 
that during heat exposures, values for Tre above 39.2°C should be considered 
excessive and may rapidly lead to total disability in most men due to excessive, often 
disturbing, physiological changes.
From these sources, and the literature on heat stroke, two maximum Tre’s for an 
individual were adopted (Malchaire, 1996):
► 42°C as the maximum internal temperature to avoid physiological sequela (heat 
stroke),
► 39.2°C as the maximum temperature in normal work, to avoid heat exhaustion.
Performing equal work in equal climatic circumstances will not result in an identical 
Tre for all subjects, but in a Gaussian distribution of T re(Havenith et al., 1997), which 
becomes positively skewed for longer heat exposures with high maximal Tre’s. 
(Wyndham et al., 1965). In order to avoid any subject to reach 39.2 °C Tre, the 
average population Tre will therefore have to be much lower. Based on Wyndham’s 
data, Malchaire (1996) analysed the chance for subjects to reach 39.2°C, for 
different mean Tre values for a group. He found that the chance for an individual to 
reach a Tre of 39.2°C was 10-4, if the group mean was limited around 38°C, i.e. the 
WHO limit. Unfortunately, little information on the group characteristics for which the 
data were collected are available, so that these data are difficult to generalize to the 
full working population. Data from Havenith et al. (1990, 1995), where subject 
characteristics are well defined, will be analysed for the same purpose in the near 
future.
The approach followed by Malchaire gives a good idea of how the WHO may have 
wanted the limit of 38°C to be used: As long as the group mean does not exceed this 
value, it is unlikely that subjects at the extreme of the population will be at risk.
6.2.2 Safety lim its in models
Predictive models, as e.g. ISO 7933 also aim at the prediction of a safe group 
response (i.e. 38°C maximal Tre) for 95 to 99% of the population. In the actual use of 
this model a different problem became apparent. When actual work places were 
evaluated, it was shown that according to ISO 7933 conditions in many workplaces in 
the mining industry were well above the model’s safety limits (Kampmann, 1992).
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However, at these workplaces few problems were encountered. One of the possible 
explanations is that workers at these locations are fitter than average and also 
acclimatized, resulting in a lower strain (i.e. Tre) for the same climatic stress com­
pared to the average population. Thus, the limit values for climatic stress used may 
be far too conservative for this special group. This situation is schematically pre­
sented in Fig. 1. If the limit for the 95th percentile was set at 39°C, the distribution of 
observed core temperatures for an average population in a hypothetical heat 
exposure might look as presented. The fit, acclimated miners would be situated at 
the left part of the distribution for the same climatic stress. It is clear that these have 
a low level of heat strain and thus are hardly stressed by the climate. The climatic 
stress limit for this group should be adjusted for the specific characteristics of this 
sub-population. The core temperature values (strain) of 39.2°C as limit and 38°C as 
mean may still be valid for the sub-group assuming a similar standard deviation in 
Tre’s (which may be questionable), but in any case conditions under which they will 
be reached are more severe than for the average population.
37°C  38°C  39°C  at risk
Fig. 1 Distribution of body core temperature in a general population exposed to an 
identical external exercise and heat load. The subgroup data represents the results for the 
miners in the same exposure.
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The problem present here is the struggle between safety for all on one hand and 
productivity on the other. Its basis is the lack of knowledge on how to adjust the 
safety limits to the individual.
From the above it is obvious that there is a need to produce better predictions of heat 
stress response at the level of an individual. Only then can limits be used with a 
proper balance of safety and productivity.
The purpose of the present paper is to incorporate individual characteristics in a 
thermoregulatory model (THDYN; Lotens, 1993) using data from literature, and to 
validate the individualized model with data from heat exposure experiments from our 
laboratory (Havenith and van Middendorp, 1990; Havenith et al., 1995a,b, Havenith 
et al., 1997). The main research question is: "Can the prediction of heat strain by 
simulation models be improved by incorporation of individual characteristics”.
6.3 The model
6.3.1 The original model
The model used as a starting point was described by Lotens (1993). It comprises a 
physiological part based on the Gagge (for detailed description see Gagge et al., 
1971, 1986) two node4 model, and a physical model describing the heat transfer 
characteristics of clothing. The physiological model contains a number of control 
functions for physiological processes, as well as the heat transfer properties of the 
human body. The principle is represented in Fig. 2. Core, skin and mean body 
temperature are used as input for several setpoint identified feedback loops control­
ling effector responses (skin vasoconstriction/dilation, sweat production, shivering). 
The effector responses together with metabolism due to exercise result in a certain 
heat loss or gain, which then affects the "passive” system (the body), resulting in a 
new body temperature (i.e. the feedback). The relation between effectors and 
resulting body temperature is affected by environmental parameters (heat transfer 
properties) and heat production levels (activity). The passive system itself is defined 
in terms of heat capacity, mass and surface area, which are constants in the original 
Gagge model.
4Two node model: the nodes represent the body core and the body shell. The core being the compartment with the regulated and defended temperature, the shell being the buffer between core and environment, whose temperature is determined by the heat exchanges with the core and with the environment. Lotens (1993) converted this into a five node model by dividing the skin node into a clothed versus an unclothed part, and these into a radiated area and a non radiated area. Heat transfer may be different in these area’s, but control characteristics are identical, and in the current study the distinction is insignificant.
Fig. 2 Schematic representation of the physiological control system in the original computer model, the inputs (climate, clothing, activity) and the heat exchanges between 
body core and environment. The counter current heat exchange was not present in the original Gagge model, but was introduced by Lotens (1993). Abbreviations: Heap = 
heat capacity; sw = sweating; sk = skin; BF = blood flow; SKBF = skin blood flow; Ref = reference temperature (setpoint); shiver= shivering metabolic rate; RESP = 
respiratory heat loss; DRY = dry heat loss (convection+radiation); EVAP = evaporative heat loss; a  = relative size of skin compartment; others see text.
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Fig. 3 Schematic representation of the physiological control system in the new computer model, the inputs (climate, clothing, activity, mass, fat content, acclimation, Vo2max, 
A d) and the heat exchanges between body core and environment. Abbreviations: Acclim = acclimation; Heap = heat capacity; sw = sweating; sk = skin; BF = blood flow; 
SKBF = skin blood flow; Ref = reference temperature (setpoint); shiver= shivering metabolic rate; RESP = respiratory heat loss; DRY = dry heat loss (convection+radiation); 
EVAP = evaporative heat loss; a  = relative size of skin compartment; others see text.
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When performing simulations, the original model expects as inputs a time sequence 
of:
► the climatic parameters: temperature (Ta), humidity or vapour pres­
sure (Pa), wind speed (v), and additional radiation between environ­
ment and skin (rad; e.g. fire or sun),
► the clothing parameters: heat and vapour resistance (Id, Re), ventila­
tion, and radiation properties,
► the persons activity level, expressed as the external work load and 
his metabolic rate (excluding the additional effect due to shivering 
which is generated by the model itself)
The main model output is the resultant body temperature (Tco, Tsk), or the total heat 
storage (STORE). Any other variables (skin blood flow, sweat rate etc.) can be 
requested as output too. The standard iteration interval used is 1 minute.
Considering the above mentioned input parameters, it is obvious that the model 
does not discriminate between different individuals when performing a simulation. It 
will produce the same output, based on parameter estimations on a group level, 
whether the subject is small or big, fit or unfit, acclimated or not. In reality, as 
discussed in chapter 1 , individual differences may affect the control system as well 
as the passive system. Thus in order to improve the models performance on this 
point, changes and additions to the model were made.
6.3.2 The new model
General description
Starting with the inventory of inter-individual differences in heat stress response by 
Havenith (1985), and surveying recent literature on these subjects, several additions 
and changes to the governing equations in the model were made to "individualize” its 
response. The new model is schematically represented in Fig. 3.
The main change, compared to the original model, is obviously the increased 
number of input parameters. Apart from the input of climate, clothing and activity, the 
following features, fixed or absent in the old model, were added:
► body mass
► body fat layer thickness
► body surface area
► V O 2 max
► acclimation state
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These can either be entered directly, or the model will help to deduce them from 
other, often more readily available parameters (AD from mass and height; fat layer 
thickness from fat percentage, gender and age; acclimation state from number of 
acclimation days).
Apart from the input parameters, also some changes to the models structure 
were made, rationalizing parts of the model where physical or mathematical laws 
apply. These concern the composition of body core to skin heat resistance, introduc­
ing muscle resistance and fat resistance, changes in the calculation of the (variable) 
size of the core and skin compartments (a), and elimination of mean body tempera­
ture as separate parameter from the control functions.
The changes related to the individualization (schematically represented in Fig. 3), or 
the reason for not changing an item, will be discussed in detail in the following 
paragraphs.
Anthropometric characteristics and adiposity
The original model mimics a standard man (1.83 m, 75 kg, 15% fat). In order to 
enable the user to adjust the simulation to individual anthropometrics, an input option 
for the values for mass, height, and adiposity of the subject was added. The effects 
of these variables on body surface area, body heat capacity, and core-to-skin heat 
conductance were incorporated in the manner explained below.
Body surface area
Body surface area (AD) is determined from body mass and height using the equation 
of DuBois and DuBois (1916). An effect of body surface area in general is the 
change in heat transfer area. As body surface area can vary substantially between 
subjects, this is an important effect to be incorporated in the model.
However, body surface area at a certain mass also varies with body fat content. 
When fat content increases at a fixed mass and height, it will replace heavier tissue 
types. Thus for the same mass, volume will increase and thus also surface area.
To estimate the magnitude of this effect, we calculated the effect of a large replace­
ment of muscle mass, amounting 10% of body mass, with fat. The density of muscle 
tissue equals 1.1 kg l-1, that of fat 0.9 kgl-1 and that of tissue on average 1.077 kgl-1 
at 10% body fat content. Starting from the fat content of 10% (by weight), the volume 
is:
volum e = -----75kg —  = 80.775 l1.077 kg l 1
The effect of a replacement of 10% of total body weight of muscle mass by fat mass
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can then be calculated as:
, t, f  i  * < -7.5 kg muscle 7.5 kg fat volume change for 10% fat vs muscle =----------------------- + --------------
1.1 kg-11 0.9 kg-11
= 1.5 I ~ 1.9%
The body surface area difference related to this 1.9% volume change is dependent 
of the location where this volume increase takes place. For the most extreme 
(hypothetical) case, when this volume would be added at the end of an extremity, the 
surface change would be about 3.5%. For the more likely case, when it would be 
added to the trunk it would be less than 0.5%. In view of these minor changes it 
seems overdone to add this effect of adiposity on AD to the model.
With increasing AD, also the area for sweat production will increase. For this reason, 
the amount of sweat produced by the body is made dependent of AD, in a linear 
fashion, using the standard subject (75 kg, 1.83 m) with an AD of 1.97 m2 as a 
reference. The same approach has been chosen for skin blood flow (more skin 
area=more flow) and for maximal sweat production and blood flow:
a dsweat or blood flow = controller output ■1.97
a dmaximal sweat production or blood flow = standard maximum ■ — —1.97
Body heat capacity
Body heat capacity, relevant for determination of the magnitude of the body tempera­
ture change at a certain heat storage rate, is mainly determined by body mass. 
Further, the specific heat of body tissue is of importance. The latter is dependent on 
body composition. Specific heat of fat is lower than that of other tissues which are 
mainly water based (blood, muscle). The specific heat of body fat amounts to 2.51 
J g '1, whereas that of the other tissues (skin, skeleton, muscle etc combined) is on 
average 3.65 J g'1 (Stolwijk, 1971, Burton and Edholm, 1955). For the calculation of 
body temperature changes the following equation for the specific heat of body tissue 
(cb) is used:
c b = •2.51 + 1 body mass - fat mass' body mass •3.65 {J-g 1-°C 1)
As the distribution of fat over skin and core compartment shows a strong variation
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between subjects, this specific heat value is taken equal for both segments 
Core-to-skin heat conductance
The resistance to heat transport from the body core to the skin is formed by the body 
shell. This consists of muscle, fat and skin. The muscles are enclosed in the core 
segment, once they become well perfused as in exercise. When the shell is vaso- 
constricted, the heat flow from core to skin is mainly by conductance. When blood 
flow through these tissues increases, a convective component is added to the heat 
flow. In the original model, core-to-skin heat conductance is independent of adiposity 
and only dependent on thermally regulated skin blood flow:
Core-skin resistance = ---------------------------------------------------------  (m2-'C-W  1)(5.28 + RAMAN• 1.163• Skin blood flow)
with: 5.28 = skin conductance in the absence of skin blood flow (W rrr2oC'1) 
RAMAN = counter-current heat exchange effectivity 
Skin blood flow = skin blood flow in l m'2 h'1 (0.5 - 90)
1.163 = blood heat capacity in J I'1oC'1 divided by 3600 s h'1
This was deemed to be an over simplification in respect to the goal of this study.
Combining data from different sources (Pugh and Edholm, 1955; Nadel et al., 1974; 
Veicsteinas et al., 1982; Toner et al., 1986; Rennie, 1988), a general model for 
tissue conductance or resistance can be drawn as shown in Fig. 4. This model and 
the underlying data will be discussed in more detail below.
Most data on core-to-skin conductance were collected in water immersed subjects. 
Most studies used the concept of “critical water temperature”5 for the determination 
of heat transfer properties of the body shell. This implies that in most of these 
studies, even with increased metabolic rate, skin blood flow will be minimal, or at 
least relatively low. Thus, it should be kept in mind that the numbers found for 
resistances of separate heat transfer pathways will pertain to situations with low skin 
blood perfusion, and will therefore represent mostly the resistances of muscle and 
fat. Values for these pathways can thus be successfully derived from the studies 
mentioned.
Literature data for the body shell insulation range from 0.32 m2oCW'1 for obese, 
resting subjects (water; Veicsteinas et al., 1982) to as low as 0.01 m2oCW'1 for lean, 
heavily exercising subjects (water; Nadel et al., 1974). Pugh and Edholm (1955) 
mention an average value for males of 0.093 m2oCW'1 and of 0.124 m2oCW'1 for 
females.
5Critical water temperature: The lowermost limit of water temperature in which insulative
regulation of body temperature could occur without increased metabolic heat production.
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Fig.4 Schematic representation of the resistors involved in body core-to-skin heat 
transfer. Together with the core-to-skin temperature gradient these determine heat 
flow.
F a t layer: Individuals’ shell insulation shows a good correlation with the subcutane­
ous fat thickness (Nadel et al., 1974; Veicsteinas et al., 1982; Rennie, 1988). Toner 
et al., (1986) also observed a relation between total body mass and shell conduc­
tance, with big subjects having a lower conductance. As their groups, though having 
equal fat percentages, differed apart from mass also in total skinfold thickness, the 
latter parameter may be the cause of the observed effect and not the actual mass.
M u s c le  layer: When vasoconstricted, the muscle layer forms a substantial part of the 
core-to-skin insulation (60-80%, measured in relatively lean subjects; Rennie, 1988). 
When a person becomes active, the perfusion of the working muscle increases 
strongly, and the muscle contribution to the shell insulation is extremely reduced 
(Rennie, 1988). Increases in work rates in respective experiments correlated well 
with reductions in shell insulation (Nadel et al., 1974; Veicsteinas et al., 1982; 
Rennie, 1988). At high activity levels (> 10 times basal metabolic rate), the shell 
insulation is between one fifth to one tenth of the maximal (0.05 m2oCW-1) insulation
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value (Rennie, 1988).
In the old implementation of core to skin resistance in the model, as mentioned 
earlier, no relation with body composition was present. Also, metabolic rate had no 
direct effect on core to skin resistance. In the cold, muscle and skin blood flow are 
not necessarily related, however. From the literature described above a different 
representation can be developed following the representation of Fig. 4 with the 
following characteristics:
► increasing work rate and metabolic rate will increase core-to skin conduc­
tance through the increase in muscle blood flow. Since this blood flow is 
mainly axial (extremities), there is a correlation with radial heat flow, rather 
then an actual radial convective heat transport.
► skin blood flow in itself will affect core-to-skin conductance through its 
convective heat transport, which shortcuts the tissue conductive resis­
tances. This was already present in the model.
► the subcutaneous fat layer thickness represents a constant conductive 
heat resistance.
These points are incorporated in the new representation of core-to-skin conductance 
in the model using the data from the given literature, with an emphasis on the paper 
by Rennie et al., (1988). The essentials of the new description are (Fig. 4):
R
1
core to skin ( m2- ° C - W1)
R skin blood flow R muscle+fat+skin
1 1
with:
R  = R  + —muscle+fat+skin fat+skin ✓
R Rmuscle, conductive muscle blood flow
(m2 -°C-W ^ )1
1 1
As muscle blood flow as such is not defined in the model, but this evidently is 
related to metabolic rate, this factor can be represented as a function of metabolic 
rate. Skin blood flow is already a parameter in the model, incorporated as a function 
of body temperature. The other parameters were deducted from the data in the 
mentioned papers, with the assumption that due to the experimentation in water at 
critical water temperature, the tissue insulation was maximal and skin blood flow, 
even during exercise, was minimal. The equations for the three components of core 
to skin resistance put into the model then read:
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R.
1
skin blood flow (1.167- RAMAN- Skin blood flow) (m2-°C -W 1)
R 0.05muscle
/ metabolic rate -6 5 .x
(m2-°C -W 1)
1 + 130
^fat+skin = ° 018' Thicknessfgt skin layer (m 2-°C -W 1)
The thickness of skin and fat is readily available to model users when they apply the 
common method of measuring skinfold thicknesses (preferably an average of > 5 
sites) for adiposity assessment.
Thicknessfat+Skin layer = 0.5 • mean skinfold thickness {mm)
If the skinfold thickness is not available, but instead only the body fat percentage is 
known, the mean skinfold thickness has to be derived from this. Body fat percentage, 
as measured by under water weighing, would imply conversion problems since 
Davies et al., (1986) showed that a wide variation exists between subjects in the 
distribution of total body fat over the subcutaneous fat layer and the internal fat 
compartments.
Jackson and Pollock (1985) gave relations between % body fat, body density and 
skinfold thickness (seven point average):
Body Fat 4 95 -4.50
^body
1 0 0 . (%)
D body,maie = 1 ■ 112 -1 0 6-(434.99• SF+0.55• SF2 -288.26• age) (k g - l1) 
^body female = 1 097 -10^(469 .71  • SF+0.56• SF2 -128.28• age) ( k g / 1)
with:
Dbody = average density of body tissue 
SF= sum of seven skinfolds,
These equations can be used in an inverse way to retrieve skinfold thickness from %
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body fat.
For the model, using gender, age and the body fat percentage as input, the sum of 
seven skinfolds (SF) was derived with these equations, and from this SF, the 
average superficial fat+skin layer thickness was calculated:
Gender and age
The gender and the age of the subjects will not be introduced in the model as factors 
directly affecting thermoregulation. Enough evidence is present in literature (for a 
discussion see Havenith, 1985; Havenith et al., 1990, 1995a) showing that the main 
influence of age and gender in exercise heat exposure really acts through concomi­
tant differences in aerobic power, fat content, mass and AD. Optionally, the user may 
be given the choice to select gender and age for an individual subject, but in the 
model this would be translated in a change in aerobic power, fat content, mass etc. 
based on epidemiological data of differences in these parameters between genders 
and ages.
Sweating control
Individual differences in sweat production can be quite large. This is in part related to 
large differences in sweat gland size ( 1.35 - 7.3 • 10-3 mm3; Sato and Sato, 1983), 
number and distribution and in sweat production per gland (Hertzman, 1957, Kuno, 
1956). When heat stress increases, total sweat output differences are reduced, 
however (Hertzman, 1973). For the modelling of individual differences in sweat 
output, major parameters are the training level of the subject (Henane et al., 1977, 
Nadel et al., 1974, Gisolfi, 1984) as well as by the level of acclimatization (Avellini 
and Kamon, 1980, Candas et al., 1980, Candas 1980, Davies, 1981, Kobayashi et 
al., 1980, Mitchell et al., 1976). Most textbooks follow the relations between training, 
acclimation and sweat rate as presented by Nadel et al., (1974). They suggest that 
the relationship between sweat rate and core temperature is linear above the sweat 
threshold (at constant Tsk), and that training increases the gain of this relationship 
and acclimation decreases the core temperature threshold value. The simplicity of 
this theory is appealing, but there are two points which justify closer scrutiny of its 
basis. The presented "typical” graphs always are from single subjects, and re­
sponses from different individuals within a group were often inconsistent. Also, the 
relations are obtained during rapid warming within 10-20 min. A possible time 
constant of the system, or time lag between the measured esophageal and the 
actual "core” temperature would have a strong impact on the observed relation 
(Havenith, 1985). Therefore we chose to reevaluate the literature on the subject of 
training and acclimation effects on the sweat rate-Tco relation. An overview of the 
findings from which also quantitative data could be obtained is presented in Table 1.
Table 1 Overview of data relating to the effect o f training and acclimation on the sweat ra te -rco relation. *Data of Roberts et al., (1977) are recalculated with exclusion o f an
apparent outlier.
source n condition change in T 
rest (°C)
V ° 2 max subjects 
(ml-kg'1-min'1)
change in
VC>2 max
sweat threshold 
(°C)
sweat gain , „ max. sweat rate
(g-h-1)
Henane + Bittei 1975 12 rest + heat -0.2 ? 1 -0.27 t
(in 50% subjects)
Wyndham, 1967 13
/353
exercise + heat apprentice miners 
versus miners
1 -0.5 
(between groups)
520^-800
(+54%)
Kobayashi, 1980 1
Nadel et al., 1974 6 exercise training (75%Vo ) 38.1 44.7 2 mfx"! 7% 1-0.1 +67%
heat
exercise (50%Vo2 max)+ heat
?
?
0?
+17%?
1 -0.2 
1 -0.3
+0%
+67%
Henane + Valatx, 1973 9 rest + heat 1 =
Henane et al., 1977 3 exercise (25/110%Vo 
cycles)
-0.4 4 0 .9 ^ ,4 8 .3 2^ 8%
•Sfoo +60%
Shvartz 1979 10 exercise (50%Vo ) + heat 41n 1 2 max n.s. 1 -0.49
Gonzalez, 1974 6 low exercise (25%Vo )+ 
heat
50.3 2 max n.S. 1-0.5 +47%
Roberts et al., 1977* 8 exercise training
(75%Vo2 max)
42.7 -> 47.7 + 12% 1-0.1 +36%
heat only 47.7 ^-46.9 -1.7% 1-0.12 + 14%
exercise (50%Vo2 max) + heat 42.7 ^-46.9 + 10% 1 -0.22 +54%
Heany, 1994 10 heat + low exercise
(33%Vo2 max)
48 n.s. +25% (at lower 
U
Havenith and van 
Middendorp, 1986
4 heat+low exercise 
(constant strain)
54 n.s. 1 -0.25 =
122______________________________________________________________________________________________________________
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The presented sweating threshold values are defined as values at which sweat 
evaporation was found to increase. This is in contrast to some literature, which report 
extrapolated thresholds. They extrapolate the sweat rate-Tco relation back to the 
point of zero central drive as suggested by Nadel et al., (1974). The latter threshold 
is the point where the gland is supposed to be activated. The difference between the 
two definitions is the amount of sweat which has to be produced before it actually 
reaches the skin surface and evaporates. In the duct, part of the sweat is absorbed. 
If the zero central drive definition would have to be used for modelling, knowledge of 
the amount of sweating needed for appearance of sweat at the skin surface would 
be necessary (sweat duct volume, sweat duct resorption). Insufficient data are yet 
available for that purpose.
Training versus acclimation
Several studies have separated the actual training effect from that of heat acclima­
tion alone or the combination of heat and training. Comparison of quantitative effects 
is difficult, as the size of effects is strongly related to the methods used. For the 
achievement of significant training effects on thermoregulation e.g., exercise 
intensities above 50%Vo2max are needed (Pandolf 1979). In many experiments these 
were not always warranted (Shvartz et al., 1973; Strydom and Williams, 1969). 
Starting with exercise intensities at a constant load above this level, the increasing 
aerobic power levels in the course of the experiment due to the training result in a 
continuous decrease in relative load for the subject. This often resulted in relative 
loads below 50% Vo2 max.
A problem with the interpretation of data for the "maximal sweat rate” is that usually 
heat stress tests before and after the treatment (i.e. acclimation) were identical, and 
thus the treatment may have resulted in a reduced strain in the second test. Thus 
though equal or even lower sweat rates may be observed after treatment, actual 
maximal sweat capacity may have increased.
Considering the results summarized in Table 1, it seems that heat, exercise and the 
combination of heat and exercise all have an effect on the threshold for sweat 
appearance at the skin surface. Threshold shifts due to exercise training alone 
(changes in Vo2max of 12 to 17%) range between 0.1 and 0.4oC, but considering the 
numbers of subjects used in different studies, a shift of 0.1 (C seems the best 
consensus. Heat acclimation following exercise training (Nadel et al., 1974, Roberts 
et al., 1977) produces an additional setpoint shift of 0.12 to 0.2 (C. The total thresh­
old reduction of heat + training amounts to 0.22 to 0.5(C. Threshold shifts due to 
heat acclimation alone are only available from Henane and Bittel (1975) and amount 
0.270C. Low exercise during heat acclimation results in a shift of approximately 0.25 
to 0 .50C (Gonzalez, 1974, Havenith and van Middendorp, 1986), which is not
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substantially less then heat+high exercise. In general, the main shift in threshold 
seems to be caused by the heat exposure.
With respect to the change in gain of the sweat rate-Tco relation, observations (Table 
1) range from 36 to 67% increase for exercise training, from 0 to 14% for a subse­
quent heat with exercise regime and from 54 to 67% for the total of heat + exercise 
training acclimation. Heat alone (Henane and Bittel, 1975) results in increased gain 
in part of the subjects, but an average number could not be obtained from the data. 
Heat + low exercise (Gonzalez, 1974, Havenith and van Middendorp, 1986), results 
in 0 to 47% gain increase. Thus training seems the major factor in the gain increase, 
but heat by itself also has an effect.
The aerobic power level of the subjects used in the training experiments of Table 1 
ranged between 38.1 and 42.7 mlkg-1 min-1 before training. Compared to a norma­
tive reference (Morrow et al., 1995), these subjects can be characterized as below 
average to average. The level increased after training to average/above average. 
over all experiments, the starting aerobic power level of all subjects ranged from 
below average to good. When considering the studied effects over a larger popula­
tion, one may expect a wider distribution in aerobic power levels, and thus the 
differences in associated thermoregulatory responses are likely to be larger than 
observed here.
For modelling purposes, training and acclimation need an operational definition, 
which will be considered below:
No quantitative data are available on the effect of humid versus dry heat acclimatiza­
tion on thresholds and gains of the sweat system. Several reports have shown that 
acclimatization to one type of climate is also beneficial for the other (Bean and 
Eichna, 1943, Eichna et al., 1945, Griefahn, 1994, Griefahn et al., 1992). For the 
model, no distinction between dry and humid heat acclimation will be made.
Further, no quantitative data are available on the differences between acclimation to 
different stress levels (e.g. 30(C and 40(C). The higher the acclimatization load, the 
higher the expected change in thermoregulatory stability is expected to be. However, 
as at present this cannot be quantified, it was chosen to operationalize acclimatiza­
tion in the model as a simple parameter: the number of acclimation days (exposures 
to a stressful climate (WBGT > 30(C) which increased body core temperature 
substantially) without further distinction between climate type and heat load level. 
The shape of the relation (acclimation effect versus number of acclimation days) was 
adapted from Givoni and Goldman (1973), and Neale et al., (1996):
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acclim atisation  = 1 - e  number ofacclim ationdays
The magnitude of the pure acclimation effect, separated from the training effect was 
derived from the data discussed above.
For a training effect on the regulation characteristics of sweating and skin blood flow 
to be present, an actual increase in Vo2max has to be observed. Thus the absolute 
value of Vo2max by itself (a sum of genetic and training influences) does not have to 
be a valid parameter for the "acclimation like” effects of exercise training. However, a 
strong correlation of Vo2max with heat tolerance has been observed (Pandolf, 1977, 
1979) and it seems fair to use Vo2max (expressed in m lkg-1min-1 for separation from 
the mass effect) as indicator for training and aerobic power induced effects on the 
sweat rate-Tco relation.
As mentioned above, the effects described in Table 1 are for a limited Vo2max 
range. Thus the model will use this range as a scaling factor for changes outside this 
range of Vo2max values. In absence of data on the relation between the range of 
Vo2max and observed effects, the scaling factor is chosen as linear.
36 37 38 39 40  
core temperature (°C)
Fig. 5 Graphical representation of the influence of aerobic power and acclimation on the 
control function for sweating, assuming a constant skin temperature.
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The practical implementation of the effects of aerobic power and heat acclima­
tion on the model’s sweat control function is illustrated in Fig. 5, and can be de­
scribed as follows: The factor training was implemented as being defined in terms of 
a range in Vo2max, expressed in mI kg'1 min'1. This can be entered directly, or as 
derived from absolute Vo2max (l-min'1). The range used for having an effect on the 
sweat rate-TC0 relation is arbitrarily chosen to be 20-60 mI-kg'1-min'1. This covers the 
fitness ranges ’very poor’ to ’good’ for young and old subjects (Morrow et al., 1995). 
For the setpoint shift related to Vo2max, from Table 1 a number of 0.1 °C was derived 
for a 10 m I kg'1 m in'1 range, which for the full range (40 m lkg '1m in'1) is extended to 
0.4°C. For the gain change, the increase seen in Table 1 of 36-67% for the 10 
m lkg '1min'1 range was extended to 200% for the full range (unfit to fit). Taking the 
aerobic power average of 40 m lkg '1min'1 as a reference (18-45 year average; 
Morrow et al., 1995) this leads to the following training and acclimation based 
adjustments in the governing equations, which modify setpoint and gain:
fit = V02max- 40 (ml-kg 1-mm 1; 20< V02maxlkg <60)
acclim  =1 - e  0-3-number o f acclimatisation days (Q  ^  number 0 f  aCCl. days  -14)
setpointnew = setpoint ■0.1 - acclim -0.25
gamnew = gam- 1 + — -0.35 20
v 1 0 ;
[1 + acclim- 0.15]
(°C)
(g-m 2-h A-°C A)
For maximal sweat rate (MSR), a difference of 100% between unfit, unacclima­
tized, and fit, acclimatized was arbitrarily chosen, mainly based on data from 
metacholine injection studies (Inoue et al., 1997) and studies comparing medium fit 
unacclimatized subjects with fit acclimatized (Wyndham, 1967, Table 1).
MSR40 = maximum for unacclimatized 40 ml-kg^-min 1 person
(,g -m 2-h 1)MSR = MSR40 1 + ' f it ' •0.25 + acclim- 0.25oCM
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Skin blood flow
The regulation of skin blood flow has been studied through skin blood flow in the 
extremities (plethysmographic techniques) and through core-to-skin conductivity. 
Extremity blood flow is regarded as indicative/representative for total body skin blood 
flow, and provides a more direct measure than core-to-skin conductivity does.
Data on the effect of training and acclimation on skin blood flow are limited, and 
often conflicting. Acclimation results in a reduced core temperature threshold for 
forearm, hand, chest and ear vasodilation (Fox et al., 1963; Roberts et al., 1977; 
Gonzalez et al., 1974). Also maximal conductance measured at the chest increases 
(Gonzalez et al., 1974). Besides increased vasodilation (Wood and Bass, 1960), also 
venoconstrictor tone increases in the first days of acclimation. Comparisons before 
and after acclimation do not show changes in skin blood flow, however. This may be 
due to reduced strain after acclimation, reducing the necessity of high blood flows at 
equal stress. Also, venous tone is strongly affected by non-thermal influences. 
Wyndham (1951), studied the effect of acclimation (with exercise) during extreme 
heat exposure. With this maximal stimulus, forearm blood flow increased from 14 to 
26 ml100ml-1 min-1. Roberts et al., (1977) provided quantitative data on setpoint and 
gain of the forearm blood flow - Tco relation. They observed a significant reduction in 
threshold for vasodilation of 0 .2 oC by exercise training (Vo2max/kg: 42.7 -> 47.7 
m lkg-1 min-1) and another reduction by 0.26(C by successive exercise+heat acclima­
tion. The change in gain was less consistent. Exercise training resulted in an average 
gain increase of 1.3 ml100ml-1 min-1oC-1 and subsequent acclimation by heat and 
exercise in a reduction with 0.8 ml100ml-1 min-1oC-1. However, the validity of these 
gain changes for a generalized model is questionable, as different subjects showed 
very different reactions (4 out of 6  subjects showed the gain increase with training, 2 
a decrease; 6  out of 8  the decrease with heat acclimation against 2  with an increase 
and the total of training with subsequent acclimation showed only 2  out of 6  with an 
increase and 4 with a decreased gain).
The maximal value of skin blood flow in relation to aerobic power has received little 
attention in literature. As during heat stress, a competition exists between blood flow 
for supply of nutrients and oxygen to muscles and skin blood flow for core-to-skin 
heat transport, it is likely that a high maximal cardiac output is a good indicator for 
the ability to produce and maintain a high skin blood flow. Maximal cardiac output is 
strongly related to Vo2max (Ekblom, 1969 in Astrand and Rodahl 1970). Thus it seems 
reasonable to relate maximal skin blood flow in the model to the parameter for 
aerobic power. Acclimation will have an effect on maximal skin blood flow due to its 
stabilizing effect on circulation. The size of this effect is supposed to be smaller than 
that of aerobic power, however.
In the original model the basal skin blood flow rate is 6.3 lm -2 h-1 with a
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maximum of 90 lm -2 h-1. Skin blood flows measured with plethysmographic tech­
niques are around 1 ml100ml-1 min-1 at rest and on average 15 ml100ml-1 min-1 at 
maximum. This is the same ratio. The maximal skin blood flow between subjects of 
different aerobic power levels usually ranges between 10 and 20  m l10 0ml-1 min-1 
(Havenith, 1995). Thus, translated to model units the maximum should range from 60 
to 120 lm -2 h-1 for different aerobic power levels, with a mean of 90 lm -2 h-1 at an 
average aerobic power.
For the model, equations graphically represented in Fig. 6  were used:
For the setpoint shift, considering the limited amount of data, an analogy with the 
setpoint shift due to training for sweating was chosen. Again, a person with a 
Vo2max/kg of 40 m lm in-1kg-1 was taken as reference. For acclimation a shift of 0.25 
was taken.
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core temperature (°C}
Fig. 6 Graphical representation of the influence of aerobic power level and acclimation on 
the control function for skin blood flow, assuming a constant skin temperature.
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fit = V02 max - 40 (ml-  kg  1 • m in 1 ; 20 - V02 maxlk g  < 60)
aCClim =1 - q  -0 .3 -number o f acclimatisation days (Q  ^  n u m b e r 0 f  aCCl. days  -14)
setpoint new = setpoint- ' n f  
, 1 0 , •0.1 -acclim-0.25 (°C)
For the gain, no effect was introduced due to the inconsistency in the data.
For maximal skin blood flow (MSBF) the effects of aerobic power and acclimation 
were formulated as follows:
MSBF,0 = maximum for unacclimatized 40 ml-kg "'■min 1 person
M S B F = MSBF\40 1 +iJLl + acclim- 0.15oCD (ml-100 ml ^ - mi n1)
Mean body temperature calculation
In the model 2 nodes are treated separately: core and skin. The core compartment is 
defined as having a regulated, uniform temperature which is defended against 
external influences. The shell is used as an intermediate layer between core and 
environment, which temperature is less uniform, and which temperature defence is 
subordinate to that of the core. The size of these nodes is not constant. When a 
subject is highly vasoconstricted, perfusion of the skin and the extremities will be 
minimal. The body shell will cool down and become relatively larger in size than in a 
vasodilated state. For calculations of body heat content, mean body temperature, or 
changes in node temperature with a certain heat influx, the current model uses a 
parameter a to present the relative contribution of the shell (skin) node to the total 
body:
T body = ( 1 - ° 0  ' T re + « ' Tgk (°C)
The size of a is in the original model dependent on skin blood flow:
a = 0.042 + --------------0-745-------------- ^ jn ¿,/ooaf ¡^Qw ¡n ^
(skin blood flow + 0.59)
The value of a in neutral to hot conditions varies in simulations between 0.15 to 0.05.
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These values are very low, compared to literature, as can be seen in Fig.7. In this 
figure, the relative size of the core compartment (1-a) is presented, since that is 
more common in literature. The low a in the model also has consequences for the 
model’s behaviour. If e.g. condensation on the skin takes place, Tsk rises dis- 
proportionally due to the liberation of the heat of condensation in a very thin skin 
layer. One reason behind the calculation resulting in these low a values in the 
original model may be that a not only determines the weighing of skin versus core for 
the body heat content calculation, but it also determines the weighing for the 
sensitivity of sweating and skin blood flow to temperature changes in the skin versus 
changes in the core compartment. Most literature actually suggests a sensitivity for 
skin temperature less than one tenth of that of core temperature (Stolwijk, 1971; 
Stolwijk and Hardy, 1977), suggesting a values below 0.1.
For the model, these two meanings of a will be separated into a fixed sensitivity for 
core versus skin and a variable a value for the determination of the shell size. The 
data in Fig.7 suggest that the minimal value for a should be 0.1, and the total range 
from cold to hot should be 0.35 and 0.1 respectively.
Fig. 7 Proposed values for the relative size of the core compartment (1-a) from different 
sources are presented, including the a values for the original model (line). N=Gagge et 
al., 1986; G=Gagge and Nishi, 1977; B=Burton and Edholm, 1955; H=Hardy and DuBois, 
1938; S=Stolwijk and Hardy, 1966; C=Colin et al., 1971, A=ASHRAE, M=Malchaire, 1996.
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As a is dependent on the actual core-to-skin resistance and as the effect of adiposity 
and muscle blood flow on core-to-skin resistance are now incorporated in the model, 
it seems logical to have a incorporated in the model as a function of total core-to- 
skin resistance. Based on the data of Fig. 7, the following equation provides a good 
representation of the a - Tco relation:
a = 0.08 + 2. • R es is tan ce  coreskjn (0.1< a <0.35)
The effect of using this equation is presented in Fig. 8 . There 1-a is shown in relation 
to Tre for both the original and the new model, assuming a constant skin temperature 
of 34 °C. The latter causes the limitation of 1-a to ± 0.75, as a lower 1- a will only be 
achieved at lower skin temperatures. The change between the old and the new 
model is a combined effect of the new representation of a itself and the effect of the 
changed control curve for skin blood flow on the a-Tre relation.
1.0
c0
1  0.9
cooO)
oo 0.8
£3 0.7
0.6
-t-------- 1_____ L J___i___i___i___L
36,0 37.0 38.0 39.0 
Tre (°C)
Fig. 8 Effect of altered representation of the core and skin compartment contributions 
(1-a, and a) to the total body compartment on the relation between Tco and a, assuming a 
constant skin temperature. Old= original model, new= present model. In the cold, due to 
reduced skin temperature, the value of 1-awill go down to ± 0 .6 .
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6.4 Validation
6.4.1 Methods
With all the listed changes incorporated in the model, the question needs to be 
answered whether the changes actually lead to an improvement of the prediction 
results. For this purpose, both the original and the new model’s predictions for 
individual heat stress responses were evaluated, using data sets which have not 
been used in the design of the new model, and which are therefore truly independ­
ent.
The validation was performed using data for rectal and skin temperature and for 
body heat storage obtained by Havenith et al., (1990, 1995a,b, 1996) in a cool (CO; 
20°C, 50%), warm humid (WH; 35°C, 80%) and a hot dry (HD; 45°C, 20%) climate, 
exercising either at fixed workloads (ABS; 60 Watt) or loads relative (REL, 25/45%)) 
to the individual maximum V o2.
For the original model, having no individual input parameters, only one simula­
tion run was needed for each climatic condition, using the average metabolic rate 
and work load derived from the data sets. This results in the same output values per 
condition for all subjects. For the new model, for each subject and condition, a 
separate simulation run with the actual data for climate, work load, metabolic rate, 
Vo2max, body mass, body fat content, height, and acclimatization status was per­
formed.
Acclimatization was set to zero for all subjects, and was thus not a part of this 
evaluation. The approach used for heat acclimatization/acclimation in the current 
model has been evaluated before by Neale et al., (1996), with good results.
The validation of the new model with the data sets mentioned resulted in 181 
simulation runs. The final values for body core temperature, skin temperature and 
body heat storage were subsequently used for evaluation of the model’s perfor­
mance. This performance will be discussed for the new versus the original model, for 
the new model on its own (the individualization), and for the new model versus the 
regression model presented in previous chapters.
Parameters used for the quantitative validation are:
► the mean and the standard deviation of the difference between computed 
and real output values,
► the correlation between the computed and the real output values,
► the differences in explained variance (r 2) between simulation and regres­
sion model.
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6.4.2 Validation Results 
New versus old model
In Table 2, the performance of the original model (Lotens, 1993) versus that of the 
new model is illustrated based on the mean values for the prediction error of the 
models (computed minus measured value) for each condition and on the standard 
deviation of that error. These numbers in Table 2 clearly show two effects of the new 
model compared to the old one: the mean error is smaller for the new model (all Tre 
and Tsk predictions; three out of five storage conditions), and so is the standard 
deviation (except one Tre and one Tsk condition). Thus the average systematic under- 
or overestimation by the model is smaller for the new model, and the distribution of 
the error values is narrower around their mean. This is supported by the mean errors 
and their SD values over all conditions combined. From this we can conclude that 
the performance of the new model has improved compared to the original model. 
Quite a substantial error remains, however.
Individualization (new model)
Though the performance of the new model has improved compared to the old one, 
this improvement is not necessarily due to individualization. The mean error may 
have been improved due to a lower systematic error alone, without actually improv­
ing the prediction of an individual’s deviation from the group mean. The latter can be 
studied by looking at the correlation between computed and measured points. If the 
computed values and the real data both are on the same side of the respective 
group mean (thus both discriminating more versus less heat tolerant subjects), one 
expects a correlation between computed and real data within each condition to be 
present. The correlations between computed and real data values are presented in 
Table 2 (for the old model, these are 0, due to the lack of variance within each 
condition). This Table shows that the individual predictive value for the model varies 
strongly between conditions. Calculating as an example the explained variance for 
body heat storage from the presented numbers (r 2) this explained variance amounts 
77% taken over all conditions, but the explained variance due to the individualization 
of the model varies between 4% (condition CO/REL) and 53% (WH/REL) over 
conditions. Thus for several conditions (CO/REL and HD/REL) the models predictive 
capacity for effects of individual differences is low (<10%), and for others (WH/REL, 
WH/ABS, HD/ABS) it is significant (27-53%).
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Table 2 Mean value and standard deviation (S.D.) of the differences between the results 
of the model simulation and the original data for both the original and the new model. For 
the new model, also the correlation coefficients (r ) of the relation between simulated and 
real physiological responses are shown. Due to the missing variance in the model 
predictions for the old model the r value is always zero in that case.
response condition number 
of cases
original model 
mean error ± SD
new model 
mean error ± SD
new model 
r
CO/REL 24
°C
-0.53 ± 0.29
C
-0.23 ± 0.32 -0.09
WH/REL 24 0.29 ± 0.23 0.24 ± 0.19 0.67
Tre HD/REL 24 0.46 ± 0.36 0.33 ± 0.36 0.24
WH/ABS 80 -0.60 ± 0.37 -0.29 ± 0.30 0.57
HD/ABS 29 -0.04 ± 0.48 -0.00 ± 0.38 0.65
overall 181 -0.21 ± 0.55 -0.07 ± 0.40 0.63
CO/REL 24
C
3.81 ± 1.00
C
2.28 ± 0.95 0.47
WH/REL 24 -0.45 ± 0.34 0.44 ± 0.28 0.73
HD/REL 24 -1.63 ± 0.70 -0.93 ± 0.65 0.33Tsk WH/ABS 80 -0.81 ± 0.37 -0.24 ± 0.44 0.04
HD/ABS 29 -2.32 ± 0.80 -1.69 ± 0.77 0.26
overall 181 -0.45 ± 1.98 -0.12 ± 1.34 0.95
CO/REL 24
J-g-1
1.19 ± 1.04
J-g-1
0.95 ± 1.12 0.19
body WH/REL 24 0.48 ± 0.77 0.99 ± 0.65 0.73
heat HD/REL 24 0.15 ± 1.24 0.26 ± 1.21 0.26
storage WH/ABS 80 -2.23 ± 1.11 -0.98 ± 1.02 0.52
HD/ABS 29 -1.72 ± 1.75 -1.19 ± 1.36 0.64
overall 181 -0.90 ± 1.83 -0.26 ± 1.42 0.88
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Fig. 9 relation between predicted and real body heat storage (Jg-1 body mass) for the 
separate conditions of the experiments. Circles= new model computations, horizontal line 
= range of datapoints for the old model computation (as the predicted value is equal for all 
subjects, and the measured values do vary, all points project on this line).
As an illustration, the relations between computed and real measurements are 
presented for body heat storage in Fig. 9. As already shown in 4.2.1, also this graph, 
shows that the model does not always predict around the line of identity. In some 
conditions the calculations systematically overestimate heat storage, in others it 
underestimates it.
New model versus empirical regression model
In the papers, in which the used data were described, the data were analysed for the 
influence of individual characteristics on the heat stress response by multiple 
regression analysis (chapter 2-5). It is interesting, considering these data sets, to 
compare the model’s predictive capacity to the predictive power of the multiple 
regression models, which directly link the subject characteristics with the response. 
This comparison is presented in Table 3 for body core temperature.
As the empirical regression model was derived from these specific data sets and 
from the characteristics of actual participating subjects, the explained variance in
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these regression models may be considered as the maximum achievable explained 
variance. Comparison of the two model types shows that except for the cool condi­
tion, the (independent!) computer model predicts quite well the variance in the data 
for Tre that could be attributed to individual characteristics (last column in Table 3).
Table 3 The correlation coefficients of the predicted Tre of the computer simulation model 
and the real Tre data, and the correlation of the predicted Tre values by the empirical 
multiple regression model and the real data. The last column gives the performance of the 
independent, analytical, computer model as a percentage of the performance of the 
empirical regression model, the latter based on the data sets used.
condition number of correlation of model and real Tre r2 simulation as %
cases
rmultiple 
regression model
r  computer simulation 
model
of r2 regression
CO/REL 24 0.50 -0.09 -
WH/REL 24 0.71 0.67 89
HD/REL 24 0.31 0.24 60
WH/ABS 82 0.77 0.57 54
HD/ABS 29 0.71 0.65 84
The reason for the deficient prediction in the cool climate may be a too small effect of 
body fat content on insulation in the model, as in the multiple regression model it was 
adiposity that had the strongest influence in this condition. The insulative effect of 
adipose tissue is in the new model strongly dependent on skin blood flow. In the 
model, for most subjects this increases above 30 lm -2 h-1 for the cool condition, 
which is about one third of the maximum skin blood flow. In the actual experimental 
data, the forearm blood flow is for most subjects below 3 ml100ml-1 min-1, which is 
about one tenth of the maximum. Thus the insulative effect in the cool condition may 
well be underestimated due to a too high skin blood flow, which may explain the poor 
predictive effect for that situation.
6.5 Conclusion
The changes and additions to the original model have improved its general perfor­
mance, with a reduction in the overall mean error in Tre, Tsk, and body heat storage 
by 6 6  to 83%. Furthermore, the introduction of individual characteristics in the model 
of human thermoregulation contributed significantly to the model’s predictive power 
for individual’s heat stress response. The size of the improvement varied with the 
climate and the work type, however. The best individual predictions for body heat
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storage were observed for fixed work loads in a warm, humid and in a hot, dry 
climate and for work loads relative to the individual maximum in a warm, humid 
climate (Explained variance 27 - 53%). For relative work loads in a cool and in a hot, 
dry climate the models predictive capacity for individuals was not significantly 
improved (<1 0 %).
For all but the cool conditions the predictive power of the analytical simulation model 
amounts to 54 to 89% of the predictive power of an empirical multiple regression 
model based on the original data. The latter’s predictive power may be seen as 
maximal achievable predictive power from individual characteristics, thus the 
analytical model’s power is substantial. Nevertheless, still a substantial part of the 
differences in individual responses remains unexplained (see also suggestions for 
future research).
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Chapter 7
Example simulations
In the previous chapter, the developed computer model was validated against the 
data sets which were described in chapters 2 to 5. This validation by itself does not 
provide much information on the versatility of the model in relation to individual 
characteristics. A good way to provide this information is by presenting examples of 
model simulations for typical problems encountered in individual heat exposure. This 
will be done in this chapter. Six examples have been selected related to the following 
topics:
► the difference in response of an "average” male versus an "average” female
► the response of an obese versus a lean person in the heat
► the response of an obese versus a lean person in a cool climate
► the response of a big versus a small subject
► the effect of acclimation and aerobic power on heat tolerance and water loss in 
chemical protective clothing
► running a marathon; effect of aerobic power, acclimation and running time
7.1 Man and woman; taking a hike or the bike? 
(male versus female)
What is the heat strain of an average man or woman who go together on a hiking trip 
in the heat, on a calm day, both carrying a 10 kg back pack? Can they prepare for 
that by staying at home and doing the work on an exercise bike with an equal load 
setting for both in a hot, but well ventilated room?
As described in the previous chapters, the difference in response between males 
and females on a population bases can be attributed to differences in individual 
characteristics between the average male and the average female. To see how the 
model predicts the average responses of the genders, simulations were performed 
with the following settings derived from tables on population distributions (Morrow et 
al., 1995; Daanen, personal communication):
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Table 1 Parameter settings for male-female simulations with the individualised computer
model.
male female
age (y) 30
mass (kg) 75 65
height (cm) 183 170
adiposity (% fat) 20 25
aerobic power (ml kg'1min'1) 42 36
acclimatization (days) 0
metabolic rate (W m-2 ) run C 230 257
metabolic rate (W m-2 ) run M 260 230
The two work load types represent the following situations:
C Cycling on a cycle ergometer at an external work load of 75 Watt, resulting in a 
metabolic rate of approximately 450 Watts, at an air velocity of 1.7 m s-1. This 
load is equal for both genders.
M Marching with a load (clothing + back pack) of 10 kg at a speed of 6  km h-1 (air 
velocity of 1.7 m s-1), no inclination, smooth surface. In this case the metabolic 
load is dependent on total mass.
To look at the effect of the climate type (i.e. different heat loss pathways), both load 
types were simulated in a warm humid (WH, 35°C, 80% r.h.) and in a hot dry (HD, 
45°C, 20% r.h.) climate. The results for the body core temperatures of these 
simulations are presented in Fig. 1.
While apparently no steady state is reached in the WH climate, this is reached in the 
HD conditions. For cycling (1a,c), which represents a lower relative load (%Vo2max, 
load/AD) to the male, he is at a substantial advantage in both climates. In the 
marching condition (1b,d), the differences between genders are much smaller. In the 
HD climate the male has a small advantage, but in the WH climate the female is at 
an advantage, due to the lower absolute heat liberation in the body for the female 
and despite the limited heat loss.
Thus, the conclusion is that they will have to adjust the ergometer load to a lower 
load for the female, if they want to produce a comparable strain to marching.
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Fig. 1 Results of the simulation runs for a male and a female subject, for the warm humid 
climate (top) and for the hot dry climate (bottom) with cycling (left) or walking (right) 
exercise.
7.2 Should we be lean?
A lean and an obese man, dressed in a combat suit, walk (6  km h-1) together for 90 
min after 30 min rest in a WH, a HD and a Cool climate. They have an equal aerobic 
power and weight and are both unacclimated. They differ in body composition: the 
lean man has 15% fat, the obese 35%. Is the higher body fat content per se, except 
for all published associated health risks, also a disadvantage in the heat? What 
about the cool environment? Does the model show the expected advantage (better 
insulation) for the obese?
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Table 2 Parameter settings for lean-obese simulations.
lean obese
age (y) 30
mass (kg) 80
height (cm) 183
adiposity (% fat) 15 35
aerobic power (ml kg-1min-1) 40
acclimatization (days) 0
metabolic rate (W m-2 ) 250
Climates HD and WH (Fig. 2a and b) were defined as in example 1. In these 
climates, only minor differences in the development of body core temperature were 
observed. Thus nor the difference in body heat capacity between these persons of 
equal weight, nor the insulating effect of fat had sufficient impact to produce a 
significant difference in body core temperature response. Overall, the WH climate is 
more stressful than the HD, though.
Fig. 2 Effect of obesity on body core temperature response in a warm humid (a) climate 
and in a hot dry (b) climate.
In the cool climate (10oC, Fig. 3), at rest the lean subject is substantially higher in 
skin temperature and lower in core temperature (Fig. 3a,b). The obese subject not 
only has a lower heat loss, but is also better able to preserve the heat generated by 
shivering in this case. The lean subject has to shiver more (Fig. 3c) to achieve less. 
The skin blood flow (Fig. 3d) is minimal for both subjects at rest, but when heat has 
to be lost during exercise, the obese subject has to send more blood to the skin to 
get rid of the heat in his core. Though he does increase his skin blood flow fast and 
substantially, it is for a small period insufficient to prevent an overshoot in Tco (Fig. 3d 
and a).
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Fig. 3 Effect of obesity on body core- (a) and skin temperature (b), metabolic rate (c) and 
skin blood flow (d) while resting and exercising in a 10°C environment.
Taking the reaction in the cool climate and the heat together, being in good shape 
otherwise, having more fat seems an advantage from the thermoregulatory stand­
point. On the other hand, obesity usually correlates negatively with being in a good 
shape.
7.3 The advantage of being big
Body weight below 50 kg is considered a contra-indication for work in the heat 
(Wyndham and Heyns, 1973). In how far can the low mass and low AD be blamed for 
that? As a good correlation exists in the population between Vo2max and mass (within 
a certain range), the small subject usually has a lower work capacity, and will be 
more stressed when he has to do the same work as his bigger counterpart (see also 
Fig. 1a and c). What if except mass and AD, all other parameters are equal? This is 
simulated, using the subject of example 2 with 15% fat and masses of 50 and 80 kg. 
Both work at the same absolute external work load on a bicycle ergometer. The
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result for the core temperature prediction is presented in Fig. 4.
For both the WH and HD climates, the bigger subject is at an advantage. He has the 
same heat production as his small colleague, but he has a bigger surface area for 
heat loss and his mass provides a bigger heat sink. The model thus supports 
Wyndham and Heyns finding, although there is no special support for setting the 
lower limit at 50 kg.
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Fig. 4 The effect of different masses on body core temperature response in a warm 
humid (a) and a hot dry (b) climate.
7.4 Fit for sports! 
Also fit for work in decontamination suits?
In order to study whether acclimatization and aerobic power are relevant parameters 
for work in impermeable clothing, two identical subjects (see example 2 , lean), 
except for their aerobic power and their acclimation status, were exposed to a 30oC, 
80% humidity environment in a chemical decontamination suit, including respirator 
and gloves. One subject was set at the moderate fitness, a Vo2max of 30 ml kg-1 min-1 
with 0 acclimation days, the other at the high level of 60 ml kg-1 min-1 and 15 
acclimation days. The responses for core and skin temperature and for accumulated 
water loss are presented in Fig. 5.
As the microclimate in the suits becomes saturated fast with water vapour, the 
effectivity of sweating is strongly reduced. Evaporative heat loss is limited by the 
microclimate and not by sweat production. In the saturated microclimate heat loss 
from the skin is dependent on skin temperature only and not on the subject’s 
acclimation state or his aerobic power. This is reflected in the skin temperature 
response: after a small difference in the transient state, skin temperatures of both 
subjects become equal and rise with the same rate (Fig. 5b). The same is then
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expected to happen with core temperature. The rate of rise indeed is identical for 
both subjects, but due to the lower skin blood flow and the higher relative work load, 
Tco is higher for the moderate fit person (Fig. 5a). This lower blood flow necessitates 
a higher gradient between core and skin to get the same heat transport. Thus the 
moderate fit person will cross the risk level of Tco earlier. The dripping sweat causes 
in increasing difference in total body water loss between the subjects (Fig. 5c) even 
though the difference in Tco stayed equal. Looking at a maximal dehydration level, 
the moderate fit person would be able to perform longer than the fittest, who sweats 
most. For this type of work the answer to the question which limit will be reached 
first, the Tco limit or the dehydration limit is determined by the work rate and the 
environmental temperature. Are these such that Tco rises slowly (low work, low 
climatic load), the dehydration will become dominant and the fittest person will drop 
out first. For a fast rising Tco, the moderate fit worker will drop out first. Using the 
model, varying the climate conditions allows the user to analyse the risk for specific 
situations.
tim e (m in)
t ime (min)
Fig. 5 The effect of aerobic fitness and acclimation on responses of core- (a) and skin (b) 
temperature and of total body water loss (c).
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7.6 Marathon time and heat exhaustion risk
Running a marathon in a warm climate is not without risk. In order to look at the risk 
of overheating, simulation runs were obtained for a top athlete (running scheme time 
2 :1 0 ) with and without heat acclimation, and for a partially acclimated runner with a 
top time of 2:35. Energy expenditure was derived from the relation between running 
speed and efficiency for top long distance runners and slower runners (data for 
middle distance runners used) as given by Fox and Costill (1972):
Table 3 Parameter settings for runners simulations
top runner slower runner
age (y) 30
mass (kg) 65
height (cm) 180
adiposity (% fat) 15
aerobic power (ml O2 kg-1min-1) 85 (model limit 60) 60
acclimatization (days) 0 15 4
running speed (m min-1) 325 270
energy cost (ml O2 m-1 kg-1) 0.17 0.18
Metabolic rate (W m-2 ) 697 617
The climates used were 30oC, 80% r.h. for the humid condition and 38°C, 20% r.h. 
for the dry condition. The results for the development of Tco are presented in Fig. 6 a 
and b. For the dry climate (Fig. 6 b) both the acclimated top runner as well as the 
"slow” runner are able to run with a steady state core temperature. As this is around 
40°C, it is questionable whether the "slow” runner can actually tolerate this. The top 
runner probably can, as for most top athletes tolerances to temperatures above 40°C 
have been observed. For the top runner, the steady state reached is a critical one. If 
he were unacclimated, he would not be able to achieve sufficient evaporative cooling 
due to insufficient sweat production, and his temperature would continue to rise, as 
seen in Fig. 6 b.
For the humid climate, running a 2:10 marathon is more critical for body temperature 
(Fig. 6 a). Here the slow runner again stabilises around 40°C, but the top runner does 
not reach a steady state. If acclimatized he may be able to finish his run just above 
41 °C, but unacclimatized a finish in that time is quite unlikely.
To illustrate the effect of running time on Tco development, this relation is presented 
in Fig. 6 c for a partially (4 days) acclimatized top-runner. This graph shows that for 
the chosen subject a steady state in core temperature is possible up to a running 
time of 2:15. In order to run at that steady state, he has to be able to tolerate a core 
temperature of up to 40.3°C. Running faster in the simulated climate, results in a
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continuous increase in Tco, and heat exhaustion, before the finish line, will be 
inevitable. These findings are in line with the risk assessment of the climate (38°C, 
20% r.h.) based on the Heat Stress Index, which indicates high heat stress, and on 
the ACSM guidelines based on WBGT which suggest a moderate heat stress (Vogel 
et al., 1993).
The effect of dehydration was not considered in these runs. This is expected to 
aggravate the risk.
Fig. 6 Body core temperature response while running a marathon in a warm humid (a, c) 
or a hot dry (b) climate at different speeds.
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This thesis deals with individual heat strain. Individuals show large variations in their 
reactions to exercise in the heat. Knowledge of the cause for this variation can be 
used in various ways, e.g.: - for selection: who will be most fit to do specific stressful 
jobs in the heat; - for screening and risk assessment; - for work optimization: tuning 
the work population to the task and vice versa. Once this knowledge is introduced 
into heat stress standards and simulation models, it is quantified and accessible to a 
wide range of users. Such models will improve risk assessment and also allow 
training of people who work on heat stress assessment.
Chapter 1 explains the need for improved heat stress prediction, and more specifi­
cally the need to incorporate individual characteristics in the prediction models. The 
literature on the topic of the relation between individual characteristics and heat 
stress response is summarized, pointing out the main individual characteristics which 
are expected to be of importance: aerobic power (Vo2max), morphology (height, mass, 
body surface area [AD] surface-to-mass ratio [AD /mass]) and body fat content (%fat), 
acclimatization state, hydration state, gender and age, differences in circadian 
rhythm, presence of hypertension and the use of drugs. The literature suggests that 
Vo2max, morphology and acclimation state are the most important parameters, but 
does not provide an estimate of the relative importance of the separate factors. For 
the study of this topic an alternative method is presented. This comprises the use of 
heterogeneous subject groups, instead of groups differing in only one parameter as 
commonly found in literature, and the analysis using multiple regression techniques, 
in order to determine the importance of different characteristics in relation to each 
other. The parameters selected for this study are: aerobic power, anthropometrics 
and morphology, gender and age. The others were held constant.
In chapter 2, the effect of age versus that of other individual characteristics was 
investigated. A group of 56 subjects was exposed to a warm humid climate (35°C, 
80%, <0 .2  m s -1 wind) , all working at the same absolute load on the cycle ergometer 
(60 W). While the subject groups discussed in the next chapters were selected within 
a narrow age range, this group ranged in age from 20 to 73 years, with approxi­
mately 10 subjects per decade. Subjects were selected such that no correlation of 
age with Vo2max was present. Age is found not to have a significant effect on rectal 
temperature, body heat storage or sweat loss. All of these were closely related to 
Vo2max. On the other hand heart rate, mean arterial pressure (MAP) and forearm
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vascular conductance (FVC) were related to both age and Vo2max. It is concluded 
that chronological age has a negligible effect on body temperature and sweating, but 
that age has an independent effect on cardiovascular effector response.
In chapter 3, the warm humid climate experiment of chapter 2 was repeated, 
concentrating on differences within the young group. To this purpose the youngest 
subjects of the experiment from chapter 2  were taken and the group was supple­
mented with additional subjects to a total of 27. In this case, body temperatures and 
heat storage are determined predominantly by Vo2max. AD /mass also contributed to 
the variance in body core temperature, but with about half the effect of Vo2max. Total 
body sweat loss was highly dependent on body size, and a factor of 4  less on regular 
activity level. The heart rate, similar to Tre, was determined by Vo2max. AD or AD /mass 
had less than half of that effect. other circulatory parameters (FBF, MAP, FVC) 
showed little relationship with individual characteristics. In general, the higher the 
Vo2max and/or the bigger the subject, the lower the heat strain observed. The widely 
accepted concept, that body core temperature is determined by exercise intensity 
expressed as %Vo2max and sweat loss by absolute heat load, is only partially 
supported by these results. For both variables, other individual characteristics are 
also shown to contribute.
In chapter 4, data from 24 subjects exposed to a cool, warm-humid and a hot-dry 
climate (21 °C, 50% rh; 35°C, 80%; 45°C, 20%; all <0.2 m s -1 wind) working at a load 
relative to the individual maximum (cycle ergometer, 45% Vo2max) are discussed. The 
data were first lumped over climate types to see which characteristics determined the 
overall response to work in different climates. Body mass and daily activity level were 
the most relevant factors.
As, based on the findings of chapter 1, an interaction between climate type and 
individual characteristics in their effect on the physiological response (core tempera­
ture, heat storage, heart rate) was expected, the data were then statistically analysed 
for the presence of such an interaction. For this purpose, the differences in re­
sponses between the three climates were analysed for the presence of effects of 
individual characteristics. As significant effects were observed (Vo2max, ACTIV, %fat; 
a trend for gender), it was concluded that the interaction was present. This interac­
tion was further investigated in chapter 5.
In the multiple regression analyses of the differences in response between the 
climates, Vo2max, %fat, ACTIV, and body mass were found to be relevant parame­
ters. Gender lost its influence once data were corrected for Vo2 max or %fat.
Chapter 5 integrates the findings of the experimental work. The data from the 
experiments of chapters 2 and 4 were analysed together with those from a new 
experiment in which 30 subjects were exposed to a hot-dry climate, exercising at a
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fixed work load (60W) to complete the hot climates * work loads design. The 
emphasis of the analysis was on core temperature response and its relation with 
individual characteristics. Individual characteristics interact with the climate type 
(cool, warm-humid, hot-dry) and the work type (relative or fixed work loads). Results 
suggest that a high mass is beneficial (i.e. low strain) for the individual’s heat strain 
as defined in Tre or heat storage increase. A high Vo 2mJs beneficial for all tested 
conditions, except for the relative work load in the warm-humid environment. There, 
as evaporative heat loss is limited, the higher heat production of fitter subjects in the 
relative work load trials determines Tre and not the greater heat loss efficiency 
associated with high Vo2max. %Fat significantly affected Tre only in the cool condition. 
There, with low skin blood flows (measured as increases in forearm blood flow), the 
insulative effect of fat is pronounced. In the warm environments, high skin blood 
flows offset the resistance offered by peripheral adipose tissues. Contrary to other 
publications, Tre was positively correlated with A D /mass ratio for all conditions tested. 
For both exercise types used, being big (a high heat loss area and heat capacity) is 
apparently more effective against heat strain than having a favourable area to mass 
ratio (high in small subjects). Gender, in general lost its influence once data were 
corrected for the effects of Vo2 max, mass, or of %fat.
The total amount of variance in Tre responses which could be attributed to individual 
characteristics was dependent on the climate and work type. Though the explained 
variance in Tre is substantial for absolute work loads (52-58%) it differed strongly for 
relative loads: 72% for the WH climate with its limited evaporative capacity, and only 
10-26% for the HD and Co climates. The results show that individual characteristics 
play a significant role in the determination of body core temperature response in all 
conditions tested, but their contribution is low for relative work loads when evapora­
tive heat loss is not restricted. This study demonstrates that effects of individual 
characteristics on human heat stress responses cannot be interpreted without taking 
into consideration both the heat transfer properties of the environment and the 
metabolic heat production resulting from the exercise type and intensity chosen. 
Their impact varies substantially between conditions.
In chapter 6 , a computer model of human thermoregulation was adapted to incorpo­
rate individual characteristics. Data from literature were used to estimate relevant 
parameters for the model. Effects of body surface area, mass, fat content, training 
and acclimation were incorporated. Next, the data sets from chapters 2 to 5 were 
used to validate the model against. The changes and additions to the original model 
improved its general performance, with a reduction in the overall mean error in Tre, 
Tsk, and body heat storage by 6 6  to 83%. Also on an individual basis an improved 
prediction was observed. The size of the improvement varies with the climate and the 
work type, however. The best predictions for body heat storage are observed for 
fixed work loads in a warm humid and in a hot dry climate and for work loads relative
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to the individual maximum in a warm humid climate (explained variance 27 - 53%). 
For relative work loads in a cool and in a hot dry climate the models predictive 
capacity for individuals is not significantly improved (<1 0 %).
When this predictive power was compared to that of a multiple regression model 
derived from these data sets (the "maximal achievable” predictive power), using 
individual characteristics as independent parameters and body temperature as 
dependent variable, the results showed that the analytical computer simulation 
model (developed independently of the datasets used) has between 54 and 89% of 
the predictive power of the empirical regression model (chapter 5), except for the 
cool climate where this is zero. In that climate, the regression model has little 
predictive power too, however, so the variance in those data has to be attributed to 
other parameters than studied here (see suggestions for future research).
In chapter 7, six typical problems related to individual characteristics, some of 
practical relevance, some of theoretical interest, were simulated by the individualized 
model. Results are clear illustrations of the model’s capabilities and of the mecha­
nisms behind individual variance in heat stress response.
From the studies presented in this thesis, it can be concluded that the knowledge on 
the relation between a number of individual characteristics and heat stress response, 
and their relative importance has been improved. The addition of individual charac­
teristics to the computer model provides a good tool to study effects of these 
characteristics. Furthermore, the introduction of individual characteristics in the 
model of human thermoregulation contributed significantly to the model’s predictive 
power. However, it also must be concluded that a substantial part of individual 
variation is still not understood. This must have another source than those included 
in this study.
Future research
The remaining unexplained differences are of course worth future attention.
► It is quite likely that there is a large genetic component in these differences, 
which is not related to aerobic power, physical activity level, body composition, 
mass, AD, etc.
► Most studies, including this thesis, have focussed on overall body responses for 
sweating, as opposed to regional responses. Regional differences in sweat 
production may be able to explain different heat strain in subjects with e.g. 
similar overall body sweat rates. one of the positive effects of acclimation e.g. 
is a better distribution of sweat over the skin surface, leading to more efficient 
sweating (evaporation/production ratio). This regional distribution may well be
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an important factor in the determination of individual differences in heat stress 
response too (Kuno 1956; Inoue, personal communication). A study of how this 
regional distribution of sweating may be linked to other personal characteristics 
may therefore be quite relevant.
► A single persons heat stress response is shown to be very variable on a day to 
day basis (Livingstone, 1992). It is for the presented data impossible to say 
whether and how much of the observed unexplained variation in the responses 
is actually due to this day to day variance. An analysis of the average response 
over a couple of days may show a higher correlation with individual characteris­
tics than a single response. What causes these day to day differences?
► one parameter often neglected in modelling is the work efficiency of subjects. 
In sports science significant differences in energetic efficiency during running 
have been described for different athletes (Fox and Costill, 1972). Typical 
marathon runners have, at equal speed, an up to 1 0 % higher efficiency (here 
defined as distance covered per unit of energy) than middle distance runners. 
This leads to substantial differences in heat liberation in the body at equal 
external work rates. In the validation of the current model this effect was taken 
care of by using actually measured metabolic rates where possible. For general 
use of the model, an investigation of the relation between work efficiency and 
individual characteristics may be fruitful.
In the model chosen as starting point, not all control parameters appeared to be 
realistic in magnitude. Sweat rate e.g., has a gain factor for the average person 
which amounts to 170 gm -2 h-1 °C-1. In order to reach maximal sweat rates estimated 
between 1 and 2  lm -2 h-1, the increase in core temperature (at constant Tsk) would 
have to be over 6  °C. A higher gain seems therefore more realistic. This was 
incorporated in the model, but resulted in an overall underestimation of heat strain. 
Thus, this underestimated gain of sweating is apparently compensated for by other 
factors in the model.
As the main purpose of this study was to determine the possibilities of individualiza­
tion, the average gain was less important than the differentiation in gain between 
individuals. For that reason this topic was not further pursued at this time. Leads to 
follow on this subject are e.g. sweat evaporative efficiency and sweat delay.
In order to provide a better understanding of the processes which take place in heat 
exposure, control equations with realistic control parameters would obviously be 
preferable and therefore this point should be addressed in future.
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Samenvatting en suggesties voor 
verder onderzoek
Dit proefschrift gaat over de verschillen tussen individuele personen in reactie op 
hittebelasting. Deze verschillen zijn substantieel. Dit levert problemen als een 
uitspraak gedaan moet worden over hoe belastend bepaalde werkzaamheden in de 
warmte zijn. Waar de ene persoon nog nauwelijks belast is, kan een ander al de 
grens voor een hittecollaps of hitte-uitputting bereikt hebben. Dat heeft er in het 
verleden toe geleid dat alle normen en modellen voor de bepaling of voorspelling van 
de mate van hittebelasting van groepen mensen bij het opgeven van tolerantiecriteria 
een zeer grote veiligheidsmarge hebben aangehouden. Daardoor was in de praktijk 
de veiligheid van 99% van de werknemers verzekerd, maar kon soms nauwelijks 
enige produktiviteit bereikt worden. Kennis van de verschillen en van de oorzaken 
voor de verschillen tussen individuen kan op een aantal manieren worden toegepast, 
zoals bijvoorbeeld voor selectie: wie van de groep werknemers of militairen is het 
meest geschikt voor zwaar belastend werk in de hitte, voor medische screening van 
mensen, voor risicoanalyse, en voor optimalisatie van de taak-kleding-mens relatie. 
Als deze kennis ook kwantitatieve relaties tussen individuele kenmerken en hitte 
respons omvat, kan deze in de eerder genoemde normen en computerprogramma’s 
voor de berekening van hittebelasting worden ingebracht. Zulke normen en modellen 
zullen dan tot een betere risicoschatting leiden dan op dit moment ermee mogelijk is, 
en ze zijn ook geschikt voor het verkrijgen van inzicht in de materie in het kader van 
trainingen en opleidingen.
Uit de literatuur (hoofdstuk 1) blijkt dat de volgende factoren een rol spelen bij de 
individuele reactie op hitte: het aërobe prestatievermogen (maximale arbeid die 
iemand op basis van volledige verbranding van voedingsstoffen met zuurstof kan 
leveren [Vo2max]), de morfologie (lichaamsoppervlak [AD], oppervlakte-massa 
verhouding [AD /mass]) en het vetgehalte van het lichaam (%fat), de mate van 
acclimatisatie (aanpassing aan warmtebelasting), de vochtbalans van het lichaam, 
geslacht, leeftijd, verschillen in circadiane ritmes, hypertensie en geneesmiddelen- 
gebruik. Van deze parameters wordt de grootste relevantie verwacht van Vo2max, 
morfologie en acclimatisatiegraad. De literatuur levert geen schatting van het 
relatieve belang van de verschillende individuele karakteristieken.
Om de effecten van deze parameters in kaart te brengen is in hoofdstuk 2 tot en met 
5 experimenteel werk beschreven waarbij groepen proefpersonen met verschillende 
arbeidsbelastingen aan verschillende klimaten zijn blootgesteld, waarna de relatie 
tussen hun fysiologische reactie en hun individuele kenmerken is geanalyseerd. De 
voor dit onderzoek geselecteerde kenmerken waren: het aërobe prestatievermogen,
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massa, oppervlakte, oppervlakte-inhoud verhouding, vetgehalte, geslacht en leeftijd. 
De overige werden constant gehouden. Voor dit onderzoek wordt in dit proefschrift 
een alternatieve onderzoeksmethode voorgesteld. Deze bestaat uit het gebruik van 
heterogene groepen proefpersonen en analyse van meerdere parameters tegelijk, in 
plaats van groepen die op slechts één aspect verschillen zoals in de literatuur 
gebruikelijk. Daarvoor wordt in deze methode gebruik gemaakt van multipele 
regressie als analysemethode teneinde het relatieve belang van verschillende 
parameters in kaart te brengen.
De onderzoeken van hoofdstuk 2 tot en met 5 betreffen blootstellingen aan warm- 
vochtige klimaten (35°C, 80% r.v.) en heet-droge klimaten (45°C, 20%r.v.), waarbij 
óf gewerkt wordt met een belasting die aangepast is aan het maximale prestatie­
vermogen van de persoon, óf gewerkt wordt met dezelfde belasting voor alle 
personen. Hoofdstuk 2 bespreekt een experiment in het warm-vochtige klimaat bij 
een vaste arbeidsbelasting waarbij met name naar het leeftijdsaspect gekeken is, 
hoofdstuk 3 gebruikt dezelfde conditie als hoofdstuk 3, maar concentreert zich op 
een (uitgebreide) jonge populatie. Hoofdstuk 4 bespreekt alle relatieve belastingstes- 
ten, waarbij ook nog in een koel (21 °C, 50%r.v.) klimaat gemeten is. In hoofdstuk 5 
worden nieuwe data over een vaste arbeidsbelasting in een heet droog klimaat 
toegevoegd aan de overige data en wordt een integrale analyse van alle data 
(uitgezonderd de leeftijddata) besproken.
Voor de leeftijddata (hoofdstuk 2) bleek dat over een groot bereik van leeftijden (20 
tot 73 jaar), waarbij proefpersonen zo werden geselecteerd dat tussen leeftijd en het 
aërobe prestatievermogen (Vo2max) geen correlatie bestond, leeftijd geen aantoon­
baar effect op de kerntemperatuur van de groep had, noch op de warmteopslag of 
de zweetproduktie. Deze waren alle sterk gerelateerd aan de Vo2max. De gemiddelde 
bloeddruk (MAP) en de vasculaire geleiding van de onderarm daarentegen, waren 
beide gerelateerd aan leeftijd en V  o2 max. Geconcludeerd wordt dat leeftijd een 
verwaarloosbaar effect heeft op lichaamstemperatuur en op zweten, maar ook dat de 
chronologische leeftijd een onafhankelijk effect heeft op de cardiovasculaire respons.
Voor de overige data (hoofdstuk 3,4 en 5) bleek dat de individuele kenmerken een 
sterke interactie met het klimaattype (koel, warm-vochtig, heet-droog) en met het 
arbeidstype (relatieve of vaste belasting) vertonen. De resultaten geven aan dat een 
grote massa gunstig is (lage fysiologische belasting) in termen van de rectaaltempe- 
ratuur of warmteopslag toename. Een hoge Vo2max is gunstig in alle condities 
behalve voor de relatieve arbeidsbelasting in het warm-vochtige klimaat. In dat 
klimaat is de warmteafgifte zo beperkt dat de hogere interne warmteproduktie bij 
fittere mensen (bij relatieve belasting) bepalend is voor de rectale temperatuur en 
niet de grotere effectiviteit van hun warmteafgiftemechanismen. Het vetgehalte blijkt
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alleen in een koel klimaat een effect op de rectaaltemperatuur te hebben. In die 
conditie is het isolerende effect van vet substantieel. In warmere omstandigheden 
zorgt de verhoogde doorbloeding van vet en huidlagen ervoor dat de warmteweer- 
stand van de vetlaag ineffectief wordt.
In tegenstelling tot andere publicaties bleek de rectaaltemperatuur positief 
gecorreleerd te zijn met de oppervlakte-inhoud verhouding van het lichaam, en wel in 
alle gemeten omstandigheden. Blijkbaar is een groot lichaam voor de gegeven 
condities (een groot oppervlak voor warmteafgifte en een grote massa voor warmte- 
opslag) gunstiger voor het laag houden van de kerntemperatuur dan een hoge 
oppervlakte inhoud verhouding (groot bij kleine mensen).
Het geslacht van de persoon bleek op diverse fysiologische reacties van 
invloed. Als echter eerst gecorrigeerd werd voor verschillen tussen de proefpersonen 
in maximaal prestatievermogen, massa of vetgehalte, dan verdwenen deze "ge- 
slachts” gerelateerde verschillen.
De grootte van de variantie in de rectaaltemperatuur die kan worden toege­
schreven aan individuele kenmerken blijkt afhankelijk van het type klimaat en het 
type arbeid. Hoewel de hoeveelheid verklaarde variantie groot is voor de absolute 
arbeidsbelasting (52-58%) verschilt deze sterk voor de relatieve belastingscondities: 
72% voor het warm vochtige klimaat met zijn gelimiteerde warmteafgiftecapaciteit, en 
slechts 10 tot 26% voor het heet-droge en het koele klimaat. De resultaten tonen dat 
individuele kenmerken een significante rol spelen bij het bepalen van de lichaams­
temperatuur in alle geteste condities, maar dat hun bijdrage klein is bij relatieve 
inspanningsniveaus als de warmteafgifte niet is beperkt. Deze studie laat zien dat 
effecten van individuele kenmerken niet kunnen worden geïnterpreteerd zonder 
rekening te houden met de warmtewisselingseigenschappen van het klimaat, en met 
de warmte die vrijkomt in het lichaam ten gevolge van een bepaald type en intensiteit 
van arbeidsbelasting. Hun effect varieert sterk tussen condities.
In hoofdstuk 6  is beschreven hoe op basis van literatuurgegevens een computermo­
del van de thermoregulatie is bewerkt en individuele kenmerken daarin zijn geïmple­
menteerd. Effecten van lichaamsoppervlakte, massa, vetgehalte, training of verschil­
len in maximaal prestatievermogen en acclimatisatie werden gemodelleerd. Vervol­
gens werden de data van de voorgaande hoofdstukken gebruikt om het aangepaste 
model te valideren. De kwaliteit van de berekeningen bleek verbeterd, zowel wat 
betreft de gemiddelde afwijking tussen berekende en gemeten waarde, alsook wat 
betreft de verbetering van de individuele voorspelling. De kwaliteit van de voorspel­
lende berekeningen bleek echter ook sterk te verschillen tussen de gebruikte 
meetcondities. De beste schattingen van de hittebelastingsrespons werden bereikt 
voor vaste arbeidsbelastingen in een warm-vochtige en heet-droge omgeving, en 
voor werk relatief aan het individuele maximum in een warm-vochtig klimaat. 
(verklaarde variantie 27-53%). Voor relatieve belastingen in een koel en in een heet-
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droog klimaat leverde het model geen duidelijk verbeterde schattingen. Deze 
voorspellende waarde werd vergeleken met die van een multipel regressiemodel 
(hoofdstuk 5), dat op de data zelf was gebaseerd (de maximaal haalbare voorspel- 
lingskracht voor deze data). Het onafhankelijk van de datasets opgestelde computer­
model bleek tussen de 54 en de 89% van de voorspellende waarde van het empiri­
sche regressiemodel te halen, behalve voor het koele klimaat waar dit nihil was. In 
dat laatste klimaat had het regressiemodel echter ook maar een minimale voorspel- 
lingskracht.
In hoofdstuk 7 worden met het model zes voorbeeldsituaties doorgerekend met het 
geïndividualiseerde model, deels geselecteerd vanuit praktische relevantie, deels 
vanuit theoretische interesse. De resultaten zijn duidelijke illustraties van de moge­
lijkheden van het model en van de onderliggende mechanismen van de individuele 
variantie in hittebelastingsrespons.
Op basis van de in dit proefschrift beschreven studies kan worden gesteld dat de 
kennis over individuele variantie in hittebelastingsrespons is toegenomen. De 
toevoeging van individuele kenmerken en daar achterliggende mechanismen aan 
een computermodel leverde een bruikbaar gereedschap op om deze effecten te 
bestuderen en maakt een verbeterde voorspelling van hittebelasting mogelijk. Helaas 
blijkt echter nog een substantieel deel van verschillen tussen personen in hitteres- 
pons onverklaard. De oorzaken daarvan moeten worden gezocht in andere mecha­
nismen dan hier bestudeerd.
Toekomstig onderzoek
De resterende onverklaarde variantie in de reactie op hitte verdient uiteraard de 
aandacht.
► Het is zeer waarschijnlijk dat er een belangrijke genetische component in deze 
verschillen aanwezig is die niet gerelateerd is aan parameters als aëroob 
prestatievermogen, activiteitenniveau, lichaamssamenstelling, massa, 
lichaamsoppervlak, etc.
► Veel studies, inclusief dit proefschrift, hebben zich vooral gericht op de respons 
van het lichaam als geheel. Het is echter mogelijk dat juist regionale verschillen 
in zweetproduktie over het lichaam, verschillen tussen individuen die dezelfde 
totale zweetproduktie vertonen kunnen verklaren. Een van de positieve kanten 
van acclimatisatie is bijvoorbeeld een betere distributie van de zweetproduktie 
over het lichaam, waardoor de zweet efficiëntie (verdampt/geproduceerd) 
toeneemt. Deze regionale verdeling zou wel eens een relevantere factor voor 
de verklaring van individuele verschillen in hitterespons kunnen zijn dan in het
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verleden gedacht (Kuno, 1956; Inoue, persoonlijke communicatie). Studie van 
de relatie tussen de regionale zweetdistributie en persoonlijke kenmerken kan 
derhalve van nut zijn.
► De hittebelastingsrespons van individuen blijkt nogal te varieren per meetdag 
(Livingstone, 1992). Voor de in dit proefschrift gepresenteerde data is het niet 
mogelijk te schatten of, en in welke mate, de geobserveerde onverklaarde 
variantie juist aan deze dag tot dag variatie in respons toe te schrijven is. Een 
analyse gebruik makende van de gemiddelde respons van proefpersonen op 
eenzelfde test over meerdere metingen, laat mogelijk een hogere correlatie 
zien met individuele kenmerken dan een enkele respons. Een belangrijke vraag 
is wat de oorzaak van deze test-hertest variatie is.
► Een vaak verwaarloosde parameter bij het modelleren van inspanning is de 
metabole efficiëntie waarmee het werk wordt verricht: hoeveel energie heeft 
iemand nodig om een bepaalde taak te verrichten? In de sportwetenschap zijn 
significante verschillen tussen atleten in energetische efficiëntie bij het lopen 
van lange afstanden beschreven (Fox en Costill, 1972). Specialistische mara­
thonlopers hebben een tot 1 0 % hogere efficiency (uitgedrukt in gelopen afstand 
per eenheid van energie) dan middellange afstandslopers. Dit leidt, bij gelijke 
loopsnelheid tot forse verschillen in metabolisme, en zodoende tot forse 
verschillen in de hoeveelheid in het lichaam vrijkomende warmte. In de validatie 
van het in dit proefschrift gepresenteerde model is met dit effect rekening 
gehouden door de werkelijk gemeten metabole energieproduktie in te vullen. 
Voor algemeen gebruik van het model, zou een onderzoek naar de relatie 
tussen deze efficiency en individuele kenmerken echter zeker zinvol zijn.
In het als startpunt gekozen model bleken niet alle regelkarakteristieken en parame­
ters realistisch in grootte. De zweetproduktie bijvoorbeeld heeft een gain-factor (de 
stijlheid van de relatie met de lichaamstemperatuur) voor de gemiddelde persoon 
van 170 gm -2 h-1 oC-1. Om tot maximale zweetprodukties, die geschat worden op 1 
tot 2  lm -2 h -1, te komen zou de kerntemperatuur van het lichaam (bij constante 
huidtemperatuur) met zo’n 6 (C moeten toenemen. Een hogere gain waarde lijkt 
derhalve realistisch. Bij invoering daarvan in het model bleek echter dat de hittebe- 
lasting daardoor fors werd onderschat. Dit suggereert dat de te lage gain in het 
originele model wordt gecompenseerd door andere factoren in het model.
Daar het hoofddoel van deze studie het onderzoeken van de mogelijkheden van 
individualisatie was, was de gemiddelde gain minder relevant dan de variatie in gain 
tussen individuen. Om die reden is het onderzoek naar aanpassing van de gemiddel­
de gain niet voortgezet. Sporen die wat dit onderwerp betreft gevolgd kunnen worden 
zijn de efficiëntie van de zweetproduktie (verdampt/geproduceerd) en de vertraging 
die in de zweetproduktie kan optreden ten opzicht van een stijgende kerntempera­
tuur. Teneinde een beter inzicht in de processen te krijgen die de mate van hittebe-
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lasting van het lichaam bepalen, zijn modellen met realistische regelparameters 
uiteraard te prefereren, hetgeen verder onderzoek op dit punt wenselijk maakt.
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part of the program  code, 
specifically related to the individualized model;
SUBROUTINE INDIN 
C This subroutine deals with the input of the characteristics,
C and the calculation of the effects on model parameters.
C
$INCLUDE:'THINDIV0.FOR'
C changes for initialization of individual differences 
WRITE(*,'(/,'' Give the persons body weight in kg '',
> ''(now '',F6.1,''kg):'',\)')W 
CALL GET(W)
WRITE(*,'(/,'' Give the persons height in m '',
> ''(now '',F6.2,''m):'',\)')HEIGHT 
CALL GET(HEIGHT)
WRITE(*,'(/,'' Give the persons body fat percentage '',
> ''(now '',F6.1,''%):'',\)')PFAT 
CALL GET(PFAT)
WRITE(*,'(/,'' Give the persons age '',
> ''(now '',F6.1,''):'',\)')AGE 
CALL GET(AGE)
WRITE(*,'(/,'' Give the persons gender (M/f)'',\)')
READ(*,'(A1)')DUM 
IF (DUM.EQ.'f.OR.DUM.EQ.'F') THEN 
SEX='F'
ELSE
SEX='M'
ENDIF
WRITE(*,'(/,'' Give the persons Vo2max in ml/kg/min'',/,
> '' (standard=40) '',
> '' (Enter 999 if you want to enter a relative value '',/,
> '' (now '',F6 .1,''):'',\)')Vo2max 
CALL GET(Vo2max)
TRAIN=(Vo2 max-20.)/40.*100.
C vo2max=40 ml/kg min AT 50% TRAIN;
C train=100% then 60 ml/kg min 
IF(Vo2maxGT.100.)THEN
WRITE(*,'(/,'' Give the persons training level (0-100%;'',
> ''(standard=50) '',
> ''(now '',F6.1,''%):'',\)')TRAIN 
CALL GET(TRAIN)
Vo2 max=20.+TRAIN/100.*40.
ENDIF
WRITE(*,'(/,'' Give the number of days the person has acclimated
> (0-15; now '',F5.1,''):'',\)')ACCL 
CALL GET(ACCLI)
C subtract first day (see Neale, LUT 25 model)
ACCL=ACCLI-1 
IF (ACCL.LE.0.) ACCL=0.
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C define acclimation function 
ACCLIM=1 .-exp(-0.3*ACCL)
C calculate derived parameters:
ADU=W**.425*HEIGHT**.725*.2024 
LBM=.01*(100.-PFAT)*W 
C calculate size factors: LBM and ADU related to standard man 
XLBM=LBM/63.8 
XADU=ADU/1.965 
XW=W/75.
C calculate specific heat
HSPEC=.01*(PFAT*2510.+(100.-PFAT)*3650)
C calculate fat+skin layer thickness from fat percentage and age and gender 
C BODY DENSITY (sin)
DENSIT=(4.95/(PFAT/100.+4.5))
C DETERMINE SSSF = SUM OF SEVEN SKINFOLDS BY ITTERATION 
SSSF=0.
X=3.
IF(SEX.EQ.'M') THEN
DO WHILE (X.GT.DENSIT)
X=1.112-0.00043499*SSSF+0.00000055*SSSF*SSSF-0.00028826*AGE 
SSSF=SSSF+1.
C if quadratic function does not reach a minimum, limit SSSF to data domain in reference 
IF(SSSF.GT.280.) THEN 
X=DENSIT
WRITE(*,'(/,'' DENSITY IN INFINITE LOOP; STOPPED!!; any '',
> ''key to continue'',\)')
READ(*,'(A1)')DUM
ENDIF
END DO 
ELSEIF(SEX.EQ.'F') THEN
DO WHILE (X.GT.DENSIT)
X=1.097-0.00046971*SSSF+0.00000056*SSSF*SSSF-0.00012828*AGE
SSSF=SSSF+1.
IF(SSSF.GT.280.) THEN 
X=DENSIT
WRITE(*,'(/,'' DENSITY IN INFINITE LOOP; STOPPED!!; any'',
> '' key to continue'',\)')
READ(*,'(A1)')DUM
ENDIF 
END DO 
ENDIF
C THICKNESS SKIN+FAT = 0.5 * SSSF /7.
FATTH=SSSF/14.
C calculate effects of training and acclimation on sweat and bloodflow 
C limit aerobic fitness
IF(Vo2maxGT.60.) THEN 
FIT= 20.
ELSEIF(Vo2max.LT.20.) THEN 
FIT= -20.
ELSE
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FIT=Vo2max- 40.
ENDIF
C determine effects of acclimation and aerobic power on control functions 
C offsetsweating: effect of training, heat acclim.
OFFSW= - FIT/10.*0.1 - acclim*0.25 
C GAIN SWEATING:
GAINSW=(1.+FIT/20.*0.35)*(1.+acclim*0.15)
C maximal sweat rate:
XSWMAX=1.+acclim*0.25+FIT/20.*0.25 
C blood flow:
OFFFL=-FIT/10.*0.1 - acclim*0.25 
GAINFL=1.
XFLMAX=1.+acclim*0.15+FIT/60.
c
RETURN
END
SUBROUTINE THREG
C
$INCLUDE: 'THINDIV0.FOR'
C calculates physiological control according to a modified Gagge approach;
C includes, individualization of subject response (Havenith, 1997)
DATA TthSK,TthC,CDIL,CSTR,CSW,REGSWL,BLFLL,ALPHA
> /33.7,36.8,45.,.1,170.,.222,90.,.1/
C calculate mean skin temperature from 4 skin sections (nude/clothed; yes/no radiation) 
TSKM=0.
WSK(1)=(1.-pNUDE(K))*(1.-pRAD(K))
WSK(2)=(1.-pNUDE(K))*pRAD(K)
WSK(3)=pNUDE(K)*(1.-pRAD(K))
WSK(4)=pNUDE(K)*pRAD(K)
DO 10 I=1,4
TSKM=TSKM+WSK(I)*TSKA(I)
10 CONTINUE
IF(TSKM.GT.TthSK)THEN
WARMS=TSKM-TthSK
COLDS=0.
ELSE
COLDS=TthSK-TSKM
WARMS=0.
ENDIF
C addition of changes in setpoint due to training and acclimation;
C These are seperated for sweating and blood flow due to the different 
C effects of training and accli. on these parameters:
C first for blood flow: change of WARMC in WARMCF 
IF(TC.GT.(TthC+OFFFL))THEN 
C drive from warm core for blood flow
WARMCF=TC-(TthC+OFFFL)
ELSE
WARMCF=0.
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ENDIF
C now for sweating: WARMC becomes WARMCS; as COLDC is not used 
C in bloodflow, it is calculated with the sweating offset changes. 
IF(TC.GT.(TthC+OFFSW))THEN
WARMCS=TC-(TthC+OFFSW)
COLDC=0.
ELSE
COLDC=(TthC+OFFSW)-TC
WARMCS=0.
ENDIF
C removed mean body drive and replace by core and skin for more clarity:
C TBM=ALPHA*TSKM+(1.-ALPHA)*TC 
C IF(TBM.GT.TthBM)THEN 
C WARMB=TBM-TthBM
C COLDB=0.
C ELSE
C COLDB=TthBM-TBM
C WARMB=0.
C ENDIF
C changes in calculations for training and acclimation effects 
C use of WARMCF and WARMCS instead of WARMC 
DILAT=CDIL*WARMCF 
STRIC=CSTR*COLDS 
C old: SKBF=(6.3+DILAT)/(1.+STRIC)
C a "local" warm skin effect was added (Stolwijk)
SKBF=XADU*GAINFL*(6.3+DILAT)/(1.+STRIC)*2.0**(WARMS/6.)
IF (SKBF.LT..5) SKBF=.5 
C Maximal flow=limit*limit change*surface factor 
FLMAX=BLFLL*XFLMAX*XADU 
IF (SKBF.GT.(FLMAX)) SKBF=FLMAX 
C old: alpha in neutral-warm varied between 0.75 and 0.95:
C ALPHA=.042+.745/(SKBF+.59)
C new alpha based on body resistance instaed of blood flow only, thus 
C including effect of fat and of muscle blood flow.
C
ALPHA=0.08 + 2.*BR 
IF (ALPHA.LT.0.1) ALPHA=0.1 
IF (ALPHA.GT.0.35) ALPHA=0.35 
C remove mean body drive for more clarity; include offset shifts for 
C acclimation and training, as well as change in maximum sweat rate 
C REGSW=CSW*WARMB*EXP(WARMS/10.7)/3600.
C adjust sweat rate for gain change due to training and acclimation and to Adu 
C REGSW=XADU*GAINSW*CSW*((WARMCS-COLDC)*(1.-ALPHA)+
C > ALPHA*(WARMS-COLDS))*EXP(WARMS/10.7)/3600.
C INSTEAD OF SENSITIVITY DEPENDENT ON ALPHA,
C INTRODUCE A FIXED SENSITIVITY (CORE=12*SKIN)
REGSW=XADU*GAINSW*(0.92*CSW*(WARMCS-COLDC)+
> .08*CSW*(WARMS-COLDS))*EXP(WARMS/10.7)/3600. 
IF(REGSW.LE..001)REGSW=.001 
C adjust sweat rate MAXIMUM for gain change due to training and acclimation and to Adu
Program Code 175
SWMAX=XADU*REGSWL*XSWMAX 
IF(REGSW.GT.SWMAX) REGSW=SWMAX 
C adjust shivering to body size (lean body mass, relative to 
C standard man:
SHIV=19.4*COLDS*COLDC*XLBM 
IF(SHIV.GT.(225.*XLBM)) THEN 
SHIV=225.*XLBM 
ENDIF
C metabolic rate, includes shivering:
RM=ACT(K)+SHIV 
C respiratory heat loss
RESP=(.0014*(34.-TA(K))+.0025*(42.-CA))*RM 
C Change heat capacity of tissue according to fat content: old:
C HCAPSK=ALPHA*W*3500./ADU 
C HCAPC=(1.-ALPHA)*W*3500./ADU 
HCAPSK=ALPHA*W*HSPEC/ADU 
HCAPC=(1.-ALPHA)*W*HSPEC/ADU 
C body core - to -skin resistance 
C old: BR=1./(5.28+.6*1.163*SKBF)
C Raman factor variable (see Lotens, thesis; later modified by Havenith): 
RAMAN=.25
IF (TSKM.GT.15.) RAMAN=(TSKM-15.)*.05+.25 
IF (TSKM.GT.25.) RAMAN=(TSKM-25.)*.01+.75 
IF (RAMAN.GT..85) RAMAN=.85 
C New representation of core-to-skin resistance:
C muscle resistance reduced by muscle blood flow as function of metabolic rate 
C reduction up to factor 5 a 10
RMUSCLE=0.05/(1 +(RM-65.)/130.)
C fat layer resistance related to layer thickness, including skin (Veicsteinas et al) 
RFATSKIN=0.018*FATTH 
C res. blood flow as in old model 
RSKBF=1/(1.167*RAMAN*SKBF)
C ADD RESISTANCES 
C MUSCLE + FAT
RMUFASK=RFATSKIN+RMUSCLE 
C CORE TO SKIN
BR=1/(1/RSKBF+1/RMUFASK)
C calculate body heat content/gram body weight
BHC=((TC-37.)*HCAPC+(TSKM-34.)*HCAPSK)*ADU/W*.001
RETURN
END
-Initialisation in main program:
TRAIN=50.
ACCLI=0.
PFAT=15.
AGE=25.
SEX='M'
FATTH=7.786
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OFFSW=0.
OFFFL=0.
GAINFL=1.
GAINSW=1.
XFLMAX=1.
XSWMAX=1.
Vo2max=40.
W=75.
HEIGHT=1.76 
HSPEC=3500. 
LBM=(100.-PFAT)*W/100. 
C size factors 
XLBM=1.
XADU=1.
XW=1.
ADU=1.96
CRIT=.1
SWCAPSK=2.5
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